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THEME

In the Symposium, the following subjects were discussed: New problems and improve-
ments in combustors and augmentors; combustion problems with alternative jet engine and
industrial fuels; combustion of highly aromatic fuels; mixture preparation in low pollution
and multi-fuel combustors; combustor modelling.

The Symposium was divided into 7 sessions: Fuel Research; Fuel Effects in Main
Burners; Fuel Preparation; Kinetics and Soot Formation; Liner Cooling and Traverse Quality;
Combustion Model Elements; and Modelling for Main Burners.

Au cours de ce Symposium les sujets suivants ont W dtudies: nouveaux probl~mes et
perfectionnements dans le domaine des foyers et des augmenteurs; problemes de combustion
pos6s par les futurs carburants industriels et pour rnacteurs; combustion des carburants a
haute teneur aromatique; pr6paration de m~langes pour les foyers A faible taux de pollution
et carburants multiples; mod~lisation des foyers.

Sept sdances composrent le Symposium A savoir: Recherches sur les carburants; Effets
des carburants dans les brtleurs principaux; Preparation des carburants; Cindtique et formation
de suie; Refroidissement de la chemise intdrieure et 6tude des champs de tempErature; Elements
de modtle de combustion; et Mod~fisation des bruleurs principaux.

!
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TECHNICAL EVALUATION REPORT

by

Hukam C.Mongia

I. INTRODUCTION AND SUMMARY

With ever-increasing emphasis on improving gas turbine cycle efficiency, reducing engine development time/cost,

reducing cost of ownership, minimizing pollutant emissions, and more recently the need to develop fuel-tolerant com-

bustion systems, the combustion problems in gas turbine engines require special considerations. Consequently, the

AGARD Propulsion and Energetics Panel (PEP) coordinated a 62nd Symposium that was held in eme, Turkey on
October 3-6, 1983.

A total of 36 papers was presented in this symposium entitled "Combustion Problems in Turbine Engines". The
conference covered the following five subject areas:

- Alternative Fuels
- Fuel Preparation
- Kinetics and Soot
- Liner Cooling and Traverse Quality
- Combustion Modeling.

Each of these topics is covered in Paragraphs 2 through 6, respectively.

The meeting was well attended with delegates from various NATO countries. All of the sessions were lively with

ample discussion time provided at the end of each paper. A number of interesting points were brought forward resulting

in useful exchange of technical information.

It was the feeling of the delegates that the basic objectives of the meeting were achieved, and that intensive com-

bustion research activities should continue for solving gas turbine combustion problems.

2. ALTERNATIVE FUELS

Nine papers were presented (1 -9) covering the effects of alternative fuels on gas turbine combustion system

performance with regard to soot emission, radiation heat loading, wall temperatures, ignition, relight altitude, nozzle

performance, and fuel thermal stability. By combining presenters from universities, research laboratories and industry,

it was possible to present a balanced view on the alternative fuels and their impact on gas turbine system design.

Gardner and Whyte (I) presented a summary of the work compiled by the AGARD Working Group 13 on Alterna-

tive Jet Fuels; the details are given in the AGARD Advisory Report No. 181 (July, 1982). Normalized soot emission C*

of a number of combustors was best fitted as a function of hydrogen content, i.e. a straight line on a semi-log scale. Here

C* represents the ratio of the soot formed by any fuel to the soot formed by a fuel having hydrogen content of 12.5%.

An attempt was made to classify various combustion systems into the following four categories:

4"s A. Conventional combustors
B. Semi-premix combustors1 . C. Stirred reactors
D. Pressure reactors.

For each of these categories, best-fit curves were presented of carbon emission index (CEI) as a function of

p . H 7 SAS

The trends were predicted properly, although there was a significant scatter in the data base.



The NASA-sponsored and in-house work on jet fuel stability was presented by Baker (2) emphasizing the following
major topics:

(I ) Nature of fuel instability and its temperature dependence
(2) Methods of measuring the instability
(3) Chemical mechanisms involved in deposit formation
(4) Instrumental methods for characterizing fuel deposits.

Deposit formation investigation on four hydrocarbon fuels was presented in Reference 3; this NASA-funded work
is being conducted at the United Technology Research Center and the Pratt and Whitney Aircraft West Palm Beach
facilities.

How gas turbine industry views the special problems posed by alternative fuels was presented by Dodds of G.E. (4),
Mosier of P&W (5), Sampath of P&W Canada (6) and Marchionna of Avco Lycoming (9). Moses summarized his work (7)
at Southwest Research Institute, whereas Odgers and Kretschmer (8) covered the effect of fuel composition upon heat
transfer in gas turbine combustors.

The following important observations can be made:

(1) Majority of the work reported concerns measurements of wall temperature (Tw ), soot emission (C) and
radiation flux (qR).

(2) In recent work, emphasis has shifted to studying fuel thermal stability, ignition, relight altitude, and nozzle
performance.

(3) Some effort continues on studying wall carbon, gaseous emissions, and burner outlet temperature quality.

(4) Hydrogen content seems to be the most popular parameter for correlating wall temperature, soot emission
and radiation flux levels.

(5) Some investigators are pursuing other parameters, e.g. aromatic content, ring-carbon content, multiring aromatic
content.

(6) How aromatic composition affects Tw, C and qR has not been settled.

(7) Additional efforts are needed to improve the data base for the soot correlation performed by Odgers and
Kretschmer (8).

A number of attempts have been made to develop universa! curves for C*, Tw * and qR * for gas turbine combustors.
Based on experience, it can be concluded that such an attempt has not been successful even for combustors burning
conventional fuels, e.g. universal curves have not been developed for combustion efficiency, cooling airflow requirements,
lean blowout and ignition fuel-air ratios. Therefore, normalized curves of CEI, T, and radiation intensity cannot be
developed as a function of fuel properties. This is because combustor performance depends on many factors including
the following:

(a) Combustor design philosophy
(b) Fuel injection system
(c) Dome/primary zone design
(d) Engine duty cycle
(e) Field-related environment.

We do not know enough about various fundamental processes leading to soot formation, including fuel preparation
and turbulent spray combustion. It is therefore difficult to predict the effect of fuel properties on C, radiation emissions
and hence wall temperature levels. Simple one-dimensional wall temperature calculation procedures (8) are useful for
interpreting and correlating data. More complex calculation methods are needed for predicting wall temperatur~s as a
function of fuel properties.

3. FUEL PREPARATION
'"1

Nine papers (10-17, 35) were presented covering the following areas: -.

(I) Performance of fuel injection systems, particularly vaporizers (II) and airblast nozzles (12, 14).
(2) Combustor/fuel injector interaction (10, II, 17)
(3) Spray characterization and mixing (13, 14, 16)
(4) New optical measurement techniques (15, 35) for detailed spray analysis.

These papers were quite useful for further improving our understanding of the various complex processes involved
in fuel preparation. This important field requires continuous funding support for the following reasons:

x



- Current injector/combustor system integration procedure is highly empirical

- Nozzle spray characterization is badly needed including mean droplet size; spray cone angle: droplet size;
and velocity distribution

Near-nozzle flow characteristics need to be known not only to better understand various processes but also
to formulate a tractable simulation that can be incorporated in multi-dimensional calculation procedures

The need for spray investigations with production type or near production type fuel injectors was stressed.

More work is needed in assessing effects of scale and other geometrical details on airblast nozzle performance.
Many types of injector geometries have been investigated. There should be close collaboration between industry and
academe.

A particular fuel injector design does not make it a good or a bad design. It is the combustion/injection system
that makes a particular design more attractive than the other design. A number of research and development programs
have supported the above statement. For example, Reference 6 and also Rosfjord and Briehl* have shown the vaporizer
concept to be inferior, whereas the Rolls-Royce Bristol Division has achieved superior performance with vaporizing
systems. The multiple jet combustor improved performance (17) may be partly due to the use of a vaporizing system.

Detailed spray/flow field mapping work is urgently needed; both mean and fluctuating components need to be
quantified. The NASA-Lewis Research Center has made a good start (15) in this direction. The technique proposed in
Reference 35 appears quite promising. Information is also needed for regions close to the fuel injector face to help solve
shroud burning and carbon formation problems.

Wittig, like others, has again pointed out (13) the importance of spray characterization including droplet size dis-
tribution, various mean sizes, and how the airflow field changes these distributions.

4. KINETICS AND SOOT

Five papers were presented (18-22) covering kinetics and soot formation/oxidation. To improve our basic under-
standing of soot formation/oxidation processes, detailed studies should be conducted on turbulent diffusion flames.
Kent and Wagner have made a good start in this direction. Basic studies like that of Homann and his associates (19) are
needed to establish fundamental mechanisms of soot particle growth.

Prerequisites for predicting soot in practical gas turbine combustion systems are:

- Good hydrocarbon kinetic models
- Acceptable turbulence/chemistry models
- Acceptable spray/flow/chemistry models.

All these areas require further investigation. J
In order to improve the understanding of the various processes, nonintrusive soot measurement techniques are

needed for mapping "practical" flames. The work being performed (21) by Samuelsen and his associates is of immense
interest to gas turbine industry.

5. LINER COOLING AND TRAVERSE QUALITY

The two most challenging problems in advanced technology combustors are:

- Liner cooling and structure durability
- Burner outlet temperature quality including pattern factor (PF).

Low combustion system pressure loss, high burner temperature rise, and high combustor heat release rate are some
of the important factors that have contributed to the high PF problems of gas turbine combustors.

There are many solutions to reducing PF including:

- Minimize cooling air requirement
- Optimum dome/primary zone design
- Maximum utilization of the available dilution air.

,T

Rosfjord, RJ. Evaluation of Fuel Injection Configuration to Control
Briehl, D. Carbon and Soot Formation in Small GT Combustors, AIAA, Paper 82-1175, June 1982.

1-i xi



The cooling air requirement can be minimized by improving cooling effectiveness. Fundamental understanding of
various cooling schemes should be enhanced by conducting tests under controlled test conditions, as being investigated
by Simon, Schubert, and Basler (24). How a particular advanced cooling scheme performs in the field is being investigated
by Rolls-Royce (23). Improvement in idle emissions and high-power temperature quality should be expected with a
TRANSPLY combustor. Bhangu, Eardley, and Snape have given a good summary of the TRANSPLY combustor
performance improvements over the conventional spray combustor.

The dilution air requirement can be minimized by making maximum utilization of the available air. In that respect,
jet mixing in a can combustor should be investigated (as reported in Reference 26) to better understand dilution jet
mixing processes.

Dilution jet mixing in transition liners of reverse flow combustors is of great interest to companies which make
small gas turbine engines. In that direction, Wittig and his associates reported measurements in a 90-degree pipe bend
(25). The' also presented calculations for a plane geometry with a 90-degree turn. The measurements and calculations
demonstrated the complex nature of the flow field involved. It should be noted that the flow field in annular transition
liner geometries should be quite different from that of pipe bends.

6. COMBUSTION MODELING

A number of papers (27-34, 36 and 37) were presented covering a broad spectrum of combustion modeling
including a fundamental investigation being conducted by Roquemore et al. (36). A number of comments are made
regarding these papers in the following paragraphs.

Both simple and complex multidimensional models should be developed. These models include:

-- Models based on characteristic time concept (32)
- Well-stirred and partially stirred reactors (34)

- Modular approach based on parabolic calculation procedures
- Multidimensional elliptic calculations.

There appears to be consensus among many researchers in regard to model validation efforts:

- "Benchmark" quality data should be collected
- Validation effort should proceed from simple to complex flows, first starting with nonreacting flows and then

proceeding to reactive flows.

Current state-of-the-art models of turbulence, scalars, chemistry, radiation and spray transport/dispersion predict
trends. Further improvements are needed to enhance their usefulness as combustor design tools. Concurrently, non-
intrusive measurement techniques should be developed and "benchmark" quality data should be gathered to assess these

models. Advanced numerical schemes should be developed to reduce false diffusion and computation times.

7. ACKNOWLEDGEMENT

The Propulsion and Energetics Panel (PEP) deserves commendation for having done such an excellent job in putting
together the 62nd Symposium, on Combustion Problems in Turbine Engines. Special thanks go to Professor Mellor
(Programme Committee Chairman) and the Host Nation Coordinator, Professor Ucer.
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AVIATION FUEL SPECIFICATION REQUIREMENTS - THEIR SIGNIFICANCE AND FUTURE TRENDS

by
L. Gardner and R.B. Whyte

Fuels & Lubricants Laboratory
--- Division of Mechanical Engineering

National Research Council of Canada A - u 1
Montreal Road

Ottawa, Canada KIA 0R6

Summary

--- During at least the next twenty years the only economically available fuels for
aviation turbine engines will be hydrocarbons but the composition will change due to
increased demand relative to other petroleum products, changes in available crudes,
changes in refinery processing and the introduction of ksyntheticl crudes from heavy
oils, tar sands, shale and coal. This paper attempts to predict some of the changes in
fuel properties which are likely to occur and the problems these will cause in current
turbine engines. .

1. Introduction

It appears that the main transportation fuels and particularly those for aircraft
will be hydrocarbons well into the next century(1). No other fuels have the high
calorific value and ease of handling of liquid hydrocarbons and the present models of
aircraft turbine engines have been designed and successfully used on these fuels.
However the sources and properties of these liquid hydrocarbons will change over this
time period. Refinery operation in most areas of the world is changing because of
decreased relative demands for gasoline and heavy residual fuels coupled with increased
relative requirements for middle distillates of which aviation kerosine is a small but
important section. In many cases it will no longer be possible to produce the required
quantities of aviation kerosine (and the competing low pour diesel fuels) using only
simple distillation from the crude. The alternative streams available in the refinery
generally tend to have higher aromatic contents (lower hydrogen contents) and require
considerable upgrading to meet present requirements. Conventional crudes are becoming
heavier and have higher aromatic contents and all the alternative sources have even
higher carbon to hydrogen ratios. It is of course theoretically possible to produce
fuels to present specifications from all the alternative sources - heavy crudes, tar
sands, shale and coal - but the processing required, either elimination of carbon or
addition of hydrogen or both are expensive both in capital investment and operating
costs and use more refinery fuel for a lower yield. Therefore it is necessary to seek
some compromise where the cost of the fuel will be held as low as possible without
incurring severe penalties in increased engine maintenance and without compromising
safety aspects.

At present throughout most of the world there are two general grades of aviation
turbine fuel used, wide-cut and kerosine (Table 1). The wide-cut fuels were developed
in the 50's to give the maximum fuel yield per barrel of crude and include straight run J
gasoline and kerosine fractions. The trend today is however towards the use of
kerosine type fuels in civil aircraft because of a slightly increased margin of safety
in handling and under survivable crash conditions, and in military aircraft because of
lower vulnerability under combat conditions. The wide-out fuels can nevertheless be
made more readily available in larger quantity, are generally marginally cheaper and
are also essential for operations in present engines in colder climates such as Alaska
and Northern Canada.

Because of the relative scarcity and preferred use of the kerosine-type fuels most
future forecasts and investigations of engine behaviour have been concentrated on this
type of fuel.

The future changes in the properties of aviation turbine fuels which are expected
to have the greatest influence on engine and aircraft operation and durability are:

Aromatic content (hydrogen content)
Viscosity
Volatility
Storage and thermal stabilities
Freezing point

These are discussed in the next sections below.

2. Aromatics (reviewed by J. Odgers (2))

(a) Smoke Formation: The generally accepted route of carbon formation in flames
is shown in Fig 1.(2). This demonstrates the ease by which aromatic compounds give
rise to soot compared with the aliphatic compounds. One of the difficulties in
evaluating published smoke data is the large variety of techniques used to measure soot
and some form of standard isokinetic sampling calibrated by means of a standard
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gravimetric technique is badly required to enable comparisons to be made between
different investigations. An approximate relationship between gravimetric exhaust
carbon and that measured by various techniques is shown in Fig. 2 but, because
variations occur with fuel type and geometry and operating conditions of the combustor,
the accuracy is probably no better than ± 20% of carbon content.

The effect of the hydrogen content of the fuel on carbon formation has been widely
studied. To overcome the problems caused by the variation in measuring techniques the
term C*, the ratio of the carbon formed by any fuel to the carbon formed by a fuel
having 12.5% hydrogen has been introduced. This gives the typical results shown in
Fig. 3 from a wide variety of combustors both gas turbines and laboratory equipment
including both premixed and diffusion flames. Whilst this correlation is useful the
necessity of a reference point is inconvenient and it would be better if the actual
carbon content could be predicted. Examination of the large amount of published work
indicated that the factors of pressure, inlet temperature, hydrogen content and
oxygen/carbon ratio are the major influences with temperature having a relatively small
effect. Residence time must also play a large part but much of the data examined had a
fairly constant residence time of 2-3 milliseconds in the reaction zone. Analysis of
the results suggests

Carbon Emission Index = 1.08 x 10-29 - 1.45 
- 8 . 6 6

-29 O/)" (H/C) I 5T 3 8&

where all the variables refer to overall operating conditions. A plot of the data
(Fig. 4) shows not only that from conventional pressure jet atomiser combustors but
also so-called premixed combustor data and laboratory combustor figures. It can be
seen that the general slope characteristics are quite similar except for the stirred
reactor where carbon content was so low that there are no discernible trends. Since
the variables in the gas turbine combustor data varied in pressure from 0.1 to 1.4 mPa,
inlet temperature from 294 to 781"K, carbon/oxygen ratio 27 to 11 and hydrogen/carbon
ratio 2.0 to 1.4 it would appear that it may be possible to predict the effects of
different fuels and operating variables and also to predict high pressure results from
low pressure tests. This correlation suggests a trend not yet sufficiently
comprehensive nor accurate but provides a semi-quantitative estimation which might well
be usefully modified as more precise information becomes available.

Combustor data for gaseous emissions and combustion efficiency generally show only
small dependence on the various fuel properties although at some higher viscosity
level, increase in droplet size and evaporation time will lead to increased unburned
hydrocarbon and carbon monoxide emissions with a corresponding decrease in combustion
efficiency.

(b) Flame Radiation: The other important effect of higher aromatic content fuels
is the increased luminosity of the flame which increases radiation and hence combustion
chamber liner temperature affecting the life of hot section components. Without the
presence of film cooling the combustor wall receives heat by convection and radiation
from the hot gases and loses heat by convection to the air in the combustor casing and
by radiation from the combustor wall to the casing wall. Despite the complications of
simultaneous heat and mass transfer it is possible to calculate combustor wall
temperatures over a range of conditions. In real combustors the situation is further
complicated by the use of air for film cooling of the combustor. Nevertheless
empirical relationships have been worked out for a conventional combustor burning
liquid fuel with conventional film cooling. In order to estimate the amount of
radiation from the flame it is necessary to estimate its emissivity. A considerable
amount of laboratory work has been done to establish the emissivity of transparent and
non-transparent gases. However for gas turbine applications with luminous flames it is
much more difficult and again empirical equations have been derived. Since the
accuracy is only ±25% it is obvious that further work in this area is warranted.
Figs. 5 and 6 show the effect on wall temperatures predicted by these equations at
different engine compression ratios (w) with variable fuel hydrogen contents. The
effect of hydrogen content is much more significant at low pressures and is greater
within the secondary zone than the primary zone.

These predicted wall temperatures are compared with actual measurements in
combustors in Figs. 7 and 8 (the predictions are the shaded bands). Agreement is
reasonably good for the older engines in Fig. 7 but there is less effect of lower
hydrogen content then predicted for the F101 engine in Fig. 8. This is reckoned to be
due to the lean primary zone design of this particular engine which was not allowed for
in the calculations.

Using conventional fuels with a premixed-prevapourized system should give blue
non-luminous flames which would be insensitive to fuel composition. The results shown
in Fig. 9 for two experimental combustors of this type are in good agreement with this
supposition.

The effects of the increased liner temperature on combustor life has been
investigated for three engines. For the J79 engine, combuator life predictions were
based on measured metal peak temperature rise and crack propagation rates. In the F101
predictions the combustor was operated at soaled conditions and an attempt made to
correct these to true operating pressure conditions. Near-to-air-entry-hole
corrections were then applied and entered into a stress analysis program. Theii ~k :1.
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resultant stresses were then used with the material low-cycle fatigue properties to
predict cycle life to first crack initiation which has been shown from engine
experience to be proportional to liner life. In each case the change in fuel hydrogen
content from 14.5 to 13.0 reduced the predicted liner life to about 50%.

In an investigation (3) on the TF41 cannular type engine, rig results showed that
the fuel composition had an effect on the combustion liner barrel temperature (Fig.
10). However in this engine combustor peak metal temperatures occur on the discharge
nozzle inner wall. This peak metal temperature is dependent on liner pattern factor
which had no correlation with fuel properties. Hence it was not surprising that peak
liner temperature (and therefore combustor life) did not correlate with any fuel
property change.

In actual use, one U.S. airline reported (4) that it has not found any
deterioration in hot section life operating totally on Californian fuels (aromatic
content in the reportable range of 22-25%) as compared to the average fuels with
aromatic contents averaging 17%.

Thus the effects of fuel property changes can be seen to be dependent on
particular engine design and can be modified by further developments in film cooling
and/or wall insulation techniques to meet the challenge to combustor life.

3. Viscosity & Volatility (reviewed by G. Winterfeld (2)).

The influence of increasing the kinematic viscosity of the fuel is to increase the
mean droplet diameter in the spray. The amount of the increase depends on the method
of atomization. For instance a fuel with the maximum allowed by the AGARD Research
Fuel of 12 cSt at -20"C would have a viscosity of about 3 cSt at +20*C. The
atomization of this fuel in a pressure swirl atomizer would result in droplets which
are roughly 15% larger than with Jet A-1 (Fig. 11). If the corresponding deterioration
of combustion characteristics is to be avoided the viscosity effect can only be
compensated for by an increase in the atomizer pressure difference of about 30%. Since
the effect is greater at lower temperatures (Fig. 11) altitude relight problems would
be seriously aggravated unless this higher pressure is available.

A similar effect of viscosity is observed with air blast atomizers but is markedly
lower showing that they are better suited to atomize higher boiling more viscous fuels.

The volatility of the fuel also has an effect on combustion and ideally a fuel
with a higher boiling range should have smaller droplet sizes to compensate for the
lower volatility to keep combustion conditions constant. The increase in pressure
drop across a pressure swirl atomizer to maintain constant evaporation times between
Jet A and AGARD Research Fuel at average engine operating temperatures would be of the
order of 90%. Because of the temperature dependence of kinematic viscosity, for a
cold start at -10"C the pressure increase required to keep conditions constant would be
about 150%. The increase in pressure drop across the nozzle at constant fuel flow
means that the flow number of the nozzle must also be changed to a smaller size
destroying the possibility of a multi-fuel engine. It appears that this requirement
may be met by a spill-type nozzle although few data have been published on the quality
of sprays from this type of nozzle.

Air-assist type of nozzles would be rather better than straight pressure types but
the increase in pressure drop required under normal operating conditions would still be
40-45%. Calculations for air-blast nozzles are more complicated but an estimate can be
made that pressure drop across the nozzle and hence across the combustor must be
increased 25-30% to accommodate the highest viscosity and higher boiling range of the
AGARD Research Fuel. There are various ways in which this might be overcome such as
variable geometry in air flow around the nozzle (undesirable in a high temperature
zone) or change in the fuel sheet thickness with a spill-type fuel supply to the pre-
filming section.

This area requires further investigation to provide multi-fuel capabilities for
future engines if they are to be capable of efficiently coping with higher viscosity
lower volatility fuels. If such injectors can be developed to produce constant
evaporation times then ignition and stability (blow-off) qualities will also be
preserved since the chemical properties of the fuel are only of secondary importance.

4. Other Fuel Properties

The other fuel properties likely to change are storage and thermal stabilities and
freezing point. Storage stability and freezing point are of importance in the handling
of fuels prior to introduction into the engine and are therefore beyond the scope of
the present Symposium.

Thermal stability (reviewed by A.S. Peat (2)) in, however, mainly an engine
problem in that it is in the engine (heat exchangers and fuel lines in hot areas) that
the fuel is subjected to high temperatures and the consequences of deposits in heat
exchangers and in atomizers can seriously affect engine operation. Measurement of the
thermal stability of a fuel presents problems since it is difficult in a short
laboratory test with a small quantity of fuel to reproduce engine conditions with large I
volumes of fuel and differences of temperature levels and residence times at these
levels. It is even more difficult to assess the possible thermal stabilities of future
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fuels because of the dependency not only on the general chemical composition but also
on small quantities of reactive components and traces of contaminants. Since future
fuels will contain cracked components and larger quantities of heterocyclic compounds
containing nitrogen and sulphur in particular, the trend will certainly be towards
lower temperature break points and more rapid deposit build-up.

There are two possible approaches to alleviating these problems. On the engine
manufacturer's side it may be possible to minimize both the temperatures to which the
fuels are exposed and their residence time at these temperatures in spite of the
general increases in engine environmental temperatures associated with more efficient
higher pressure ratio engines. There may also be some scope for redesign of components
to make them less vulnerable to malfunction due to deposits. On the fuel side it is
important to investigate the use and efficiency of improved refining techniques and the
use of additives to improve the thermal stability of the future fuels to attain a
suitable compromise acceptable to the engine user.

5. Future Fuels

During the time allotted for AGARD/PEP Working Group 13 it was not possible to
fully investigate the future supply/demand situation for aviation kerosine. As a
result Working Group 16 was established to investigate this aspect. The situation is
an incredibly complicated one made worse by the present reduction in petroleum product
demand which is partly due to the economic recession and partly due to conservation
inspired by increased cost of products. This is therefore probably the worst time
during the whole petroleum era to attempt to forecast the future.

Nevertheless Working Group 16 is attempting to do this using a very flexible LP
computer model for refineries of different complexities operating on the crude supplies
generally believed to be available in the next twenty years. The model has been
developed by the Exxon Corporation under NASA contract and is capable of being up-dated
in the future as conditions change.

The study has been split into six geographical areas covering the NATO countries -
East and West U.S., East and West Canada, and North and South Europe. There is a
reasonable similarity between the crude supplies anticipated for Europe, the Eastern
U.S. and Eastern Canada. The Western U.S. is considerably different because both
Californian and Alaskan North Slope crude give a relatively high aromatic aviation
kerosine. Western Canada is also different because of the two tar sands plants already
operating (supplying about 10% of Canada's total crude requirements) and other
developments planned. The aviation kerosine produced from the product of one of the
plants is around 20% because of heavy hydrogenation of this stream but from the other,
larger plant the aromatic content is much higher and the amount of this synthetic crude
which can be blended into the refinery input stream is severely limited. The computer
runs should be completed this year and the final report of Working Group 16 should be
available late in 1984. Hopefully this will give some better indications of the ways
and extent in which specifications may have to be relaxed to ensure adequatei economical supply.

Predictions of future synthetic crudes from the various areas is also quite
different because of the indigenous materials available. Canada will probably increase
production from tar sands and other heavy oils, whilst the U.S. first choice would be
shale and in Europe, coal. It is generally accepted that production from coal either
by direct liquefaction which has not been tried on a commercial scale or via synthesis
gas like the South African Sasol plants will not be a commercial proposition until well
into the 21st century. Products from tar sands and shale are more expensive than crude
oil because of the mining operations involved as well as the more severe upgrading to
make commercially viable fuels. These sources are however much more economical than
coal because they have a naturally higher hydrogen/carbon ratio and the economic
penalty can be rationalized on the basis of security of supply and the effect on
national balance of payments.

The ERBS fuel (Table 1) proposed by NASA (5) is, in the authors' view a very
extreme case and would have such a severe effect on the whole system of fuel handling,

combustion, engine durability, etc. that it would require redesign of the airframe to
allow fuel heating and drastic changes to the engine to overcome problems caused by the
high aromatic content and high viscosity. On the other hand the AGARD Research Fuel,
allowing down to 13.0 per cent hydrogen corresponding to roughly 28-30% aromatics is
still believed to be compatible with present elastomers used in fuel systems and to be
acceptable in engines with some degree of increased maintenance of hot section
components. The freeze point of AGARD Research Fuel was set at -30"C max. in order not
to inhibit production of experimental blends for combustion studies but we believe that
for practical fuels the freeze point should be maintained at -40*C (as in Jet A) and
-47"C (as in Jet A-I) depending on location, length of flights etc. This would prevent
the problems involved in retrofitting existing aircraft with fuel heaters and the
weight and energy penalties associated with heaters even in new designs. This freezepoint will also ensure that fuels nan increase only marginally in viscosity and there-

fore that engines, particularly atomizers, will not require major changes. Any flight
patterns, particular aircraft, etc. which preclude this fuel because of freeze point
can use Jet B or make special arrangements for a low freeze point kerosine produced
from selected crudes. These speoial arrangements are already made in some areas for
long over-the-pole flights and are restricted to relatively small volumes of fuel.



A fixed value of flash point minimum throughout the free world has always appeared
rather an anomaly since it is used as a measure of safety in handling the fuel. But
the figure of 100"F or 38"C was chosen as giving a reasonable margin of safety
(10-15§F) above the highest indoor normal living space temperatures in temperate
climates and bears little relationship to fuelling temperatures in either tropical or
arctic areas. Extensive measurements throughout Canada (6) have shown that fuel
temperatures do not exceed 30"C even at our warmest airport (Windsor) under the most
adverse conditions (refuelling vehicles standing in direct sunlight). By contrast
there must be tropical airports where the fuel is continually being handled above its
flash point. Only the strict airfield fuel handling rules where all fuels - kerosine,
wide-cut and gasoline - are treated as flammable minimizes the dangers involved. Since
aircraft are highly mobile moving rapidly from one climatic condition to another and
the fuel flash point regulations are usually locally controlled and administered it
would be a huge task to effect changes where only kerosine type fuel has previously
been handled. But it does seem peculiar that one of the specification limits which
obviously influences availability has so little relevancy in the real world.

6. Conclusions

It is not possible to improve on the conclusions of the Working Group 13 Report
which said:-

Increasing shortages of suitable crude feedstocks and the threat of disruptions in
supply due to world economic and potential international conflicts may require a
broadening of current jet fuel specifications to improve availability and to allow,
at minimum cost and maximum energy efficiency, the use of feedstocks from alternative
sources including heavy petroleum crudes, tar sands, oil shale and coal. To prepare
for an uncertain future in jet fuel quality and availability, research is needed to
more fully understand the effects of varying fuel properties on engine and aircraft
fuel system performance, reliability and durability and to build the technology base
that would allow greater fuel flexibility in future aircraft. Since current production
engines will still be in service at the turn of the century, research and advanced
technology to accommodate possible future fuels must include cost-effectiveretrofit
options for current production aircraft as well as new engine and aircraft fuel
systems.

It is encouraging to survey the other 30 papers to be presented at this Symposium
and see that all the problems outlined are the subject of a great deal of work
throughout the NATO community with contributions from industry, government, and
university covering theoretical, computer modelling and practical aspects. With this
continuing effort we should at least have some of the answers - and few surprises - in
fuel/engine interactions in future years.
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RESEARCH ON AVIATION FUEL INSTABILITY

Charles E. Baker, David A. Bittker, Stephen M. Cohen, and Gary T. Seng
National Aeronautics and Space Administration

Lewis Research Center
21000 Brookpark Road

Cleveland, Ohio 44135 U.S.A.

SAD-P003 128
Current aircraft turbine fuels do not present a significant problem with fuel thermal stability.

However, turbine fuels with broadened properties or nonpetroleum-derived fuels may have reduced thermal
stability because of their higher content of olefins, heteroatoms, and trace metals. Moreover, advanced
turbine engines will increase the thermal stress on fuels because of their higher pressure ratios and
combustion temperature.

In recognition of the importaiice of this problem, NASA Lewis is currently engaged in a broadly-based
research effort to better understand the underlying causes of fuel thermal degradation. -The progress and
status of our various activities in this area will be discussed in this paper. Topics --e coveredin-
clude: nature of fuel instability and its temperature dependencel methods of measuring the instability:
chemical mechanisms involved in deposit formation; and instrumental methods for characterizing fuel depos-
its. Ftnally 'some preliminary thoughts on design approaches for minimizing the effects of lowered ther-
mal stabilitywillf-be briefly discussed.

INTRODUCTION

The purpose of this report is to define the problems associated with aircraft fuel instability, review
what is currently known about the problem, describe the research program sponsored by NASA Lewis, and
identify those areas where more research is needed. The term fuel instability generally refers to the
gums, sediments, or deposits which can form as a result of a set of complex chemical reactions when a
fuel is stored for a long period at ambient conditions or when the fuel is thermally stressed inside the
fuel system of an aircraft.

Thermal instability was first identified as a problem in aviation turbine engines in the 1950's.
During the 1960's, early studies in the United States on the supersonic transport (SST) gave considerable
attention to the problem of fuel instability, because in this SST, the fuel was to be used as a heat sink
for the wing surfaces which are heated aerodynamically. It is generally acknowledged that current air-
craft turbine fuels do not present a significant problem with regard to fuel instability for current sub-
sonic aircraft. However, turbine fuels with broadened properties or nonpetroleum-derived fuels (from
shale, tar-sands, coal, etc.) may have reduced thermal stability because of their higher content of ole-
fins, heteroatoms, and trace metals. (Heteroatoms include nitrogen, oxygen, and sulfur atoms contained
in organic compounds.) Moreover, advanced turbine engines may increase the thermal stress on fuels be-
cause of their higher pressure ratios and combustion temperatures. Deposition of solids within the fuel
systems of aircraft may lead to fouled heat exchangers, plugged fuel nozzles, and/or jammed fuel valves
which may result in excessive oil temperatures and non-uniform fuel spray patterns which could cause dis-
torted turbine inlet temperatures (hot spots).

During the past several years NASA Lewis has been engaged in a research and technology program to
determine the effects of broadened-property fuels on engine and fuel system components and to evolve the
technology needed to use these fuels. Broadening fuel properties may offer the potential for increasing
the refinery yield of jet fuel. Moreover, additional energy intensive treatment of poorer quality crudes
and syncrudes will be required if jet fuel with current properties is to be produced. One of the major
problem areas that must be addressed is fuel instability because of the reasons given in the previous
paragraph. In recognition of its importance, NASA Lewis has established a broadly-based research program
to better understand the underlying causes of fuel thermal degradation. Our in-house research is sup-
ported by grants with universities and contracts with industry. The progress, status, and results for
these various activities will be reviewed and discussed in the report, along with some preliminary

* thoughts on design approaches required to minimize the effects of lowered thermal stability. In order to
place the NASA Lewis program on fuel instability in its proper perspective, we should point out that simi-
lar research programs are currently being sponsored by other U.S. Government agencies, particularly the
Department of Defense. These programs have made significant contributions toward the understanding of
fuel degradation processes and effects. However, it is beyond the scope of this report to discuss these
programs in any detail, and they will only be mentioned in the course of providing background for the
NASA-sponsored program.

NATURE OF INSTABILTY

The complex chemical and physical processes involved in the degradation of fuels have been studied
__j extensively. The early work was covered by Nixon in a comprehensive review published in 1962 (1]. A

thorough literature survey which included reports of investigations since 1962 was recently published [2]
by the Coordinating Research Council (CRC), and Peat has summarized the major aspects of fuel thermal
stability in a current AGARD advisory report [3). NASA Lewis sponsored a workshop on jet fuel thermal
stability in 1978 [4]. The consensus among the workshop participants concerning what is known about the
chemistry and physics of fuel thermal oxidation stability included the following points:

- The initial process is the interaction of fuel and dissolved oxygen.
- The chemistry involves primarily free radical reactions, but polymerization, addition, and con-

densation reactions are also important.
- Deposit formation rate depends on temperature with the process starting at approximately 100' C.
- Deposit rate is affected by fuel flow parameters (velocity and Reynolds number, residence time).



The amount of dissolved oxygen in the fuel is important; in general, removal of oxygen signifi-
cantly improves fuel stability.

Metals have a significant effect on deposit formation, with copper being the most deleterious
metal. Both homogeneous effects (dissolved metals) and heterogeneous (surface) effects have
been observed.

Deposits can form both in the liquid and vapor phases with the presence of both phases causing
the greatest amount of deposits.

Nature of Chemistry of Instability

The thermal decomposition of hydrocarbons can be approximately classified into three temperature re-
gimes as follows:

1. Low temperature - below 300" C - decomposition by autoxidation
2. Intermediate temperature - between 300 and 500

° 
C - decomposition by further reactions of autox-

idation products and by some direct pyrolysis of the fuel molecules 3. High temperature - above
500' C - decomposition by direct pyrolysis of the fuel

The first two of these temperature regimes are operative in the fuel system of aircraft. It is desirable
to understand the chemical mechanism or mechanisms involved in fuel degradation in order to facilitate
coping with the problem of thermal instability. Because deposit formation is such a complex process,
this can best be done by first obtaining both deposit formation and chemical kinetics information for
less complicated systems, namely pure hydrocarbons and binary mixtures. This knowledge can then be ap-
plied to the more complex mixtures in practical fuels. One of the first studies of this kind was reported
in 1977 by Hazlett at the Naval Research Laboratory [5). He used a jet fuel thermal oxidation tester
(JFTOT) connected to a gas chromatograph to study the thermal decomposition of pure n-dodecane in the
presence of dissolved oxygen. (The JFTOT will be described in a later section of this report.) He meas-
ured dissolved 02 consumption and formation of the stable intermediate hydroperoxide ROOH as a function
of temperature. The mechanisms he proposed for the reactions occurring in the low and intermediate tem-
perature regimes are presented in Fig. 1. Reaction 1 indicates the abstraction of a hydrogen atom from
the fuel Rh by a reactive molecule or free radical X to form the reactive alkyl radical Rwhich then re-
acts (reaction (2)) with 02 to form the unstable RO2"peroxide radical. The RO2reacts mainly by
reaction (3) with the fuel to form the stable hydroperoxide ROOH and regenerate the alkyl radical. To a
much smaller extent R02* undergoes unknown reactions to form ultimately the harmful solid deposit and
sediment. Hazlett and other investigators have shown that the amount of deposit formation is not directly
related to the rate of primary fuel oxidation at low temperatures, even though the oxidation must take
place in order for any solid formation to occur. Reactions of intermediate oxidation products lead to
solid formation, and these reactions are not understood at present.

At intermediate temperatures the secondary reactions involve the decomposition of ROOH (reaction (5))
to form ketones, alcohols and aldehydes (reactions (6) - (8)). In addition, direct pyrolysis of the fuel
molecule, also a complicated chemical process, starts to occur as shown in reaction (9). Isomerization
and decomposition of the radicals formed by pyrolysis leads to olefin formation. It is clear from the
complexity of this partial mechanism for a pure hydrocarbon's decomposition that the elucidation of the
degradation mechanism for a practical fuel will be a formidable task indeed.

Deposit Characteristics

The fuel deposits that form in aircraft fuel systems may occur as soft gums, as strongly adhering
lacquers and varnishes, or as brittle cokes [3]. Studies of the morphologies of these deposits [6,7]
indicate that they are generally an agglomeration of microspheres, although plate and rod forms have also
been observed. Chemical analysis of fuel deposits has revealed these additional general characteristics:
(1) The hydrogentcarbon ratio is lower in the deposits than in the original fuel, (2) oxygen concentration
of the deposita Is much greater than in the thermally unstressed fuel, and (3) other heteroatoms such as
nitrogen and sulfur are highly concentrated in the deposits, with concentrations several orders of magni-
tude higher than in the fuel [3]. The high concentration of heteroatoms in the deposits relative to their
concentrations in the fuel is strongly supportive of the importance of these trace organic impurities in
the deposit formation process. The lower hydrogen/carbon ratio in the deposits suggests that aromatic
compounds play an important role in deposit formation.

EVALUATION OF INSTABILITY

Attempts to measure the amount of deposit producedby a fuel under a given set of conditions have
ranged from small-scale glass laboratory devices to full-scale fuel system simulators. These devices
have been thoroughly reviewed In ref. 2, and this report will concentrate on the American Society for
Testing and Materials (ASTM) test methods for evaluating fuel thermal stability and on the larger dynamic
fuel stressing rigs commonly referred to as laboratory simulators.

ASTM Test Methods

The first standard specification test for fuel thermal stability was the CRC Fuel Coker Test (ASTM
D-1660) which was designed to simulate the fuel manifold conditions that had led in the 1950's to the
first operation problems caused by fuel instability [8). The test device consists basically of a heated
tube around which fuel flows at a rate of 4.5 liters/hr, followed by a heated 25 micron filter of sintered
stainless steel. The former simulates the engine's hot fuel lines, and the latter the fuel nozzles and
passages where fuel deposits and sediments could be trapped. The heated tube is maintained at 150' C and
the filter at 204* C, with a system pressure of 1170 kPa (150 pslg). Fuel is flowed through the system
for 5 hours. A fuel is rated on the basis of color change on the heated tube and on pressure drop across
the filter.

Because of some difficulties with the CRC Coker, primarily large sample size, low operating pressure,
and long test duration, this device has been replaced by the JFTOT (ASTM 0-3241), which is now used to
determine if an aviation turbine fuel meets the current thermal stability requirement. A schematic of
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the JFTOT is shown in Fig. 2. A small aluminum tube is heated electrically to the desired test tempera-
ture, and fuel from the reservoir is pumped through an annulus surrounding the tube, out through a test
filter, and then back to the upper portion of the fuel reservoir. If the fuel is unstable, deposits will
form on the heated tube, and any particulates formed will lead to an increase in pressure drop across the
filter. The standard JFTOT procedure consists of flowing 0.18 liters/hr of an aerated fuel at 3447 kPa
(500 psig) nitrogen gas pressure over the heated tube (260' C) for 2 1/2 hours. The amount of deposit on
the tube can be rated either visually, on a scale of 0 (no deposit) to 4 (heavy deposit), or by using a
tube deposit rater (TDR) that operates on a light reflectance principle. The visual rating is the method
currently called for by ASTM D-3241, and a value of 3 or less is required to meet the current specifica-
tion for thermal stability. However, the TOR is frequently used in fuels research, and its scale ranges
from 0 to 50, with a value of 12 to 13 generally used as an equivalent criterion for passing the standard
JFTOT test. In addition to the requirement on deposits, the ap value across the filter must not exceed
3.3 kPa (25 torr) by the end of the 2 1/2-hour test if the fuel is to pass the test. By operating the
JFTOT at temperatures other than 260* C, the temperature at which a fuel just fails either of the above
tests may be determined. This is referred to as the "breakpoint temperature" and is used to compare the
thermal stability of fuels.

Tests for storage stability usually involve placing the fuel in a small container and aging it at
temperatures sufficient to accelerate the instability process, usually 80" to 100" C, so that measurable
deposits are produced in a reasonable time. An ASTM procedure (D873) has been used to predict storage
stability. Fuel was placed in an oxygen bomb for 16 hours at 100" C. However, experience showed that
any fuel which passed the JFTOT test (breakpoint less than 260" C) always passed this storage test. Be-
cause of this, the specification for storage stability has been dropped [3].

Laboratory Simulators

There is a large gap between the operating conditions of a device such as a JFTOT and the conditions
to which fuel is subjected in an actual aircraft fuel system. A laboratory simulator is an apparatus
designed to bridge this gap. Important parameters such as inlet temperature, wall temperature, fuel flow
rate, residence time, Reynolds number, pressure, etc. can be accurately controlled and are representative
of actual engine conditions. A schematic of a laboratory simulator used in recent thermal stability stud-
ies at the United Technologies Research Center (UTRC) under NASA sponsorship [9] is shown in Fig. 3. Two
closely fitted copper-beryllium alloy blocks formed the flow channel which had a cross-section 0.254 cm
(0.10 in.) high by 2.84 cm (1.12 in.) wide. Because of the high thermal conductivity of this alloy, the
wall temperature of the channel was very uniform. All surfaces were plated with nickel and then gold to
minimize wall-material effects. Four specimen mounts were attached along the length of the test section.
Each held a stainless-steel disc that was used to determine deposit formation rate by weighing the test
disc on a microbalance before and after the experiment. Heating was accomplished by cartridge heaters in
both the top and bottom plates. Pressure atomizing nozzles were used to control the flow rate and to
observe any degradation in flow uniformity. Test temperatures ranged from 149

° 
to 399 C (300' to 750" F),

test pressures from 690 to 2070 kPa (100 to 300 psig), and fuel flow rates from 2.14 to 21.4 grams/sec.

A laboratory simulator of somewhat similar design has been built at NASA Lewis for in-house research

and is currently being checked out. The entire test section and flow system were constructed of stainless
steel to avoid any possibility of accelerated fuel degradation from copper materials. The NASA facility
also has space for four test specimens for each experimental run, but it is capable of a wider range of
operating conditions than the UTRC simulator. The flat specimens provided by both the NASA and UTRC simu-
lators are significantly easier to characterize by most current analytical techniques than the tubular
deposits produced by the JFTOT and Fuel Coker. Because of this advantage for a flat test specimen, NASA
Lewis has modified one of its JFTOTs for use with a flat sample holder [10].

DESCRIPTION OF RESEARCH

Research on fuel instability can be classified into two general types: research designed to under-
stand chemical mechanisms and research on the behavior of actual fuels. When the elucidation of chemical
mechanisms is the main objective of the research, pure compounds or *model fuels" made up of a mixture of
a few pure compounds are usually employed in order to simplify the chemistry. Compounds containing heter-
oatoms or trace metals are then added in small amounts to determine their effects on fuel stability.
Other research efforts concentrate on the deposits produced by actual fuels when they are thermally
stressed under controlled conditions. As has previously been discussed in this report, practical fuels
are so complex and contain such a variety of trace impurities that mechanism studies using them would be
extremely difficult. Common to both these types of research is the need to characterize the resulting
fuel deposits. A variety of analytical techniques is required to provide information on both elemental
and molecular composition. NASA Lewis' current work on fuel stability, both in-house and under grant or
contract will be reviewed according to these three categories of research.

Chemical Mechanism Research

A modified JFTOT procedure was used in an In-house study to evaluate deposit and sediment formation
for four aerated pure hydrocarbon fuels over the tube temperature range 150 to 450- C [11]. Stainless
steel heated tubes rather than the usual aluminum tubes were used to permit higher test temperatures and
to increase the deposition rate and thereby reduce test time. Four fuel types were studied: a normal
alkane (n-decane), an alkene (1-hexene), a naphthene (cyclohexane), and an aromatic (benzene). Some re-
sults from this study are shown in Fig. 4, where tube deposit amounts, expressed as net TDR values, are
plotted against tube position. TDR values are approximately proportional to deposition rate. At the
lower temperatures of 150- and 250" C, all four fuels produced only small amounts of deposit during the
40 minute run, with TOR values less than 5. At 350" C the olefinic fuel, 1-hexene, formed the largest
amount of deposit, cyclohexane the second largest, with the other two fuels forming much less deposit.
The fact that 1-hexene formed the most deposit is consistent with its susceptibility to oxidation and

polymerization. At the higher temperatures of 400" and 450
° 
C all fuels except benzene formed large

amounts of deposit, with TDR values of 40 to over 50. It is not surprising that benzene formed much less
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deposit that the other three fuels. This can be attributed to the benzene aromatic structure, which is
highly resistant to oxidation [12]. However, substituted benzenes and multi-ringed compounds are general-
ly less resistant to oxidation. Sediment formation was also measured in these experiments and is shown
in Fig. 4 as ap in kilopascals (torr). For these fuels only benzene showed any significant &p increase.
Thus in these experiments, the aromatic benzene appears to form considerable sediment but very little
deposit.

This research effort utilizing a modified JFTOT to thermally stress hydrocarbons is continuing. Ef-
fects of deoxygenation and pre-stressing of the fuel are currently under investigation. Liquid and gas
chromatography as well as mass spectrometry will be used to determine reaction products, including chemi-
cal precursors that ultimately lead to'deposits, in an effort to increase our understanding of the decom-
position mechanisms involved in the fuel degradation process.

Effects of Fuel Nitrogen - We have already mentioned that heteroatoms such as nitrogen that are present
in rues seem to be concentrated in the fuel deposit. A number of experiments have been carried out in
which a fuel is spiked with small amounts of nitrogen-containing compounds that are known to occur in
actual fuels, in an effort to determine their effect on fuel deposit rates. Some results of this type
experiment based on data from ref. 13 are shown in Fig. 5(a). Deposit rate for Jet-A and Jet-A spiked
with 0.1 percent N from 2,5 dimethylpyrrole is plotted against temperature. It is clear from the figure
that the deposit rate for the spiked Jet-A is dramatically higher at a given temperature, and that the
increase i~i deposit rate with temperature is also considerably greater. In Fig. 5(b) the breakpoint tem-
perature for Jet-A and Jet-A spiked with 0.01 to 0.1 percent nitrogen from pyrrole (a single-ringed
N-containing compound) and indole (a double-ringed N-containing compound) are compared [14]. Since break-
point depends on the rate of deposit formation, based on the results shown in Fig. 5(a), one would expect
a reduced breakpoint for the spiked fuels. This is indeed what was observed. The Jet-A spiked with pyr-
role and indole have breakpoint temperatures about 40' C and about 20

° 
C less than the unspiked Jet-A,

respectively.

Under a NASA grant with the Colorado School of Mines, Daniel has also studied the effect of various
organic nitrogen compounds on deposit formation in both Jet-A and a simple model fuel [15]. He selected
four classes of nitrogen compounds for study, each of which is found in petroleum and/or synthetic crudes:
pyrroles, indoles, pyridines, and quinolines. The effect on deposition rate as a function of the amount
of nitrogen added is shown in Fig. 6 for the four parent compounds. In this figure, the amount of deposit
(expressed as micrograms) produced in 168 hours at 130' C is plotted against parts per million of nitrogen
added to Jet-A. Pyridine and quinoline both show a large increase in deposition over unspiked Jet-A and
this increase is strongly dependent on concentration. Conversely, indole and pyrrole exhibit only a small
enhancement in the amount of deposit produced, and the increase is only slightly concentration dependent.
Daniel pointed out that pyridine and quinoline each contain a nitrogen atom which contributes a single
electron to the bonding in the ring, whereas in indole and pyrrole the nitrogen atom contains an unbonded
electron pair which enters into the bonding of the ring. Based on these results, Daniel suggested that
different mechanisms were operative in the two cases. The results of this figure may seem somewhat con-
tradictory to those of Fig. 5(b) where pyrrole and indole produced a significant decrease in breakpoint
temperature when used to spike Jet-A. It should be noted that the concentrations shown in Fig. 5(b) are
100 to 1000 ppm (0.01 to 0.1 percent) nitrogen versus a maximum of 30 ppm for Fig. 6. These large differ-
ences in nitrogen concentration plus the approximately 100' C difference in deposition temperature may
have resulted in different mechanisms for the deposition process in the two sets of experiments. Nonethe-
less, because of the complexity of the degradation process and the presence of a great variety of trace
impurities in fuels, seemingly contradictory results are not uncommon.

Oxidation Rates and Gum Formation - In an ongoing NASA-funded research contract with SRI-International,
Mayo has been studying oxidation and deposit precursor formation in hydrocarbon fuels. His present
approach involves measuring the rates of oxidation and rates of gum formation in an effort to relate fuel
instability to the types of hydrocarbons and trace heteroatoms present in the fuels. He has found that
the trace quantities of reactive components are depleted first and are concentrated in the resulting gums.
The rate of oxidation may be either increased or decreased by these minor components. Some recent results
[16] are presented in Fig. 7. Here, the oxygen absorbed by n-dodecane to which varying amounts of indene
have been added is plotted against oxidation time. The amount of gum formed during each experiment is
also shown. Indene is known to have a much faster oxidation rate than pure (or neat) n-dodecane.
However, the figure shows that when a very small amount (0.009 molar) of the fast-oxidizing indene is
added to the slow-oxidizing dodecane, the oxidation rate of dodecane is retarded rather than increased.
From a simplistic point of view, one would expect the presence of indene to increase dodecane's oxidation
rate. In fact, the oxidation rate for the indene-dodecane mixture does not exceed the oxidation rate of
pure dodecane until the concentration of indene is increased to 1 molar. These results are consistent
with results found by Russell many years ago for the cooxidation of cumene and tetralin [17]. It should
be noted, however, that although the addition of 0.108 molar indene to dodecane slightly reduces the oxi-
dation rate, the amount of gum formed is increased by more than a factor of 50. Since gums are believed
to be precursors to solid deposits, these results illustrate that although oxygen plays a key role in
deposit formation, the rate of oxidation does not directly correlate with the amount of deposit formed.

ESR Studies of Fuel Instability - An electron spin resonance (ESR) spectrometer responds to the presence
of an unpaired electron in a chemical species. Such species are by definition free radicals, and we have
already pointed out that the chemistry of fuel deposit formation involves primarily free radical reac-
tions. Thus, an ESR spectrometer capable of operating at high temperatures and pressures can be used to
directly monitor some of the important reactions occurring during deposit formation. We believe that the
use of ESR to study fuel degradation offers the potential for significantly increasing our understanding
of the reaction mechanisms and kinetics involved in this complex process. Accordingly, NASA Lewis has
recently entered into an Interagency Agreement with the Oak Ridge National Laboratory (ORNL) to study
free radical reactions in model compounds representative of constituents of jet fuel using ESR.

in previous research at ORNL involving coal liquids, Livingston and Zeldes developed a flow apparatus
to use with an ESR spectrometer to study fluids at high temperatures and pressures (18). Only minor modi-

£fications to this apparatus were required to enable work on fuel thermal stability to be undertaken. The
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flow system used in conjunction with the ESR spectrometer is shown in Fig. 8. A liquid sample contained
in a reservoir is purged with helium to remove dissolved oxygen. The liquid flows to a positive displace-
ment high pressure pump, and pressures from 70 to 135 atm were used with a flow rate of I ml/min. There
is provision for injecting a gas such as oxygen at high pressure. The liquid flows through a silica cap-
illary that traverses the microwave cavity of the ESR spectrometer and then to a back pressure regulator
where the system pressure is set. The liquid exiting the regulator is at atmospheric pressure and may be
recirculated as shown in Fig. 8 or collected without recirculation for subsequent analysis. Thermal pro-
duction of radicals is achieved by heating the silica capillary with air that has been heated electrical-
ly. The capillary is surrounded by a vacuum jacketed silica tube, and the air flows in the annular space.
Radicals are also produced photolytically. This is done by focusing UV from a 500 W high pressure mercury
arc onto the sample within the capillary. Photolysis is used at room temperature and up to temperatures
where thermal production of radicals becomes fast enough to see signals. Typical steady-state concentra-
tions of radicals from hydrocarbons are in the micromolar region with mean lifetimes ranging downwards
from typical room temperature values near 1 millisecond.

A wide variety of model compounds is being examined that give observable spectra at temperatures up
through the intermediate regime (through 300* C). Compounds include n-dodecane, aromatic hydrocarbons,
unsaturated hydrocarbons, and spiking agents. Much of the work centers upon oxidizing effects and in-
cludes the use of peroxides and hydroperoxides as free radical initiators. The initial phase is a broadly
based exploratory survey to search out major reaction pathways that will subsequently be examined in
detail.

Deposit Formation in Practical Fuels

The deposit formation rate of actual fuels is usually determined in a flow device generally referred
to as a laboratory simulator. Such devices are also capable of providing relatively heavy deposits on
flat test specimens which are more easily analyzed and characterized than JFTOT tubes. The schematic of
a laboratory simulator used by Vranos under contract to NASA Lewis was described previously in the discus-
sion of Fig. 3. Vranos has used this apparatus to determine the thermal stability of four actual hydro-
carbon fuels under conditions representing operation of an aircraft gas turbine engine [9, 19]. Surface
temperature was varied from 149' to 399' C (300' to 750" F) for fuel flows of 0.64 to 12.8 grams per
second (0.75 to 15 gallhr) at pressures of 2040 kPa (300 psig). Test times varied from 1 to 8 hours.
The rate of deposition was obtained by measurement of the weight gained by metal discs located along the
channel wall.

Figure 9 shows representative results for the four fuels using stainless steel test discs: Jet A,
home heating oil, a straight run diesel which has no cracked stock, and a normal diesel which has a large
cracked fraction. Below 260' C (500' F), where there is an apparent change in mechanism, Jet A, straight
run diesel, and the cracked diesel all had comparable deposition rates. Above 260* C, Jet A had the
lowest rate, straight run diesel somewhat higher, and cracked diesel the highest. Up to 260' C the home
heating oil had the highest rate while above 260' C it was lower than the cracked diesel.

The effect of wall material was determined by using stainless steel, aluminum, and brass test discs.
Stainless steel and aluminum gave comparable results while the brass specimens gave a significant increase
in deposition rate. Tests were also conducted in a static reactor at temperatures of 149' to 427' C (300'
to 800' F) for times of 15 minutes to 2 hours. Much smaller deposition was found, indicating the impor-
tance of fluid transport in the deposition mechanism. As-received and stressed fuels were examined by
liquid chromatography in an attempt to detect any changes in fuel composition caused by the heating. It
is known that the changes being sought are very small and no differences were found, probably due to the
limits of detection of the instrument. J

The strong temperature dependence of deposition rate suggests that an Arrhenius plot, log of deposi-
tion rate versus reciprocal temperature, might correlate the data. Figure 10 is such a plot by Vranos
[9] of his earlier data for Jet-A at two different flow rates. The overall activation energy, given by
the slope of the lines, is in reasonable agreement with some previous results for Jet-A [20]. At higher
flow rates, the deposit rate is lower at the same wall temperature, yet the temperature dependence, or
activation energy, is approximately the same. The lower deposit rate at increased flow points out the
importance of bulk-fluid heating and homogeneous reaction effects on the formation of deposits. In both
cases, the magnitude of the activation energy, which is much less than that for typical homogeneous reac-
tions, suggests a surface-catalyzed process.

Additional deposit-rate studies are planned for the NASA laboratory simulator previously described.
In addition, this simulator along with the NASA JFTOT modified for flat test samples, will be used to
generate deposits for detailed chemical and physical analysis.

Deposit Analysis

Due to the complex and intractable nature of the deposits, as well as the small quantities generally
available for analysis, the detailed molecular structure of the deposits has remained largely unknown.
Recent attempts to perform detailed characterization of the deposits have involved the use of a variety
of modern analytical instrumental techniques which are listed In Table I along with a brief conment about
the type of information each technique is capable of producing. Each technique has the potential to pro-
vide a portion of the structural information sought, but each has specific limitations as well. Through
in-house research efforts and sponsored studies, each of the techniques listed is or will soon be employed
to characterize deposits obtained from the JFTOT flat sample holder and the NASA thermal stability labora-
tory simulator under varied but carefully-controlled conditions. Both well-characterized commercial fuels
and model fuels prepared from representative pure compounds are being used. To provide additional infor-
mation, the deposit elemental composition will be determined, and studies to identify deposit precursors
in the stressed fuels will be conducted. A combination of the deposit structural information provided by
the techniques described, the deposit elemental analysis, the stressing conditions, the precursor studies
and the fuel composition will yield the deposit formation mechanisms, an identification of the most active
fuel components, and the sensitivity of the formation rates to fuel stressing conditions. These results
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should ultimately lead to deposit prevention through the knowledgeable development of fuel additives, the

types and levels of refinery fuel treatment required, and future fuel system designs.

DESIGN CONSIDERATIONS

We stated in the introduction that in the future, the thermal stability of fuels may be lower and the
thermal stresses to which they are subjected, higher. One way to alleviate this problem is by additional
processing at the refinery. Another is for the airlines to decrease the operating time between inspec-
tions or component removal and maintenance. Either of these approaches might be prohibitive in terms of
increased costs to the airlines.

The most cost effective approach to utilizing fuels of reduced thermal stability in new, higher effi-
ciency engines is to incorporate, in the design stage, components and designs tolerant to variations in
this fuel property. It is beyond the scope of this report to discuss in any detail the types of design
changes that might be required, but a few colanents are appropriate.

In contracted analytical studies with NASA Lewis, General Electric and Lockheed California have been
analyzing and assessing advanced fuel system concepts. Both contractors have identified thermal stability
and freezing point as the two most important fuel properties affecting fuel system performance. They
both have studied advanced fuel systems capable of using a fuel with a breakpoint temperature of about
205" C, considerably below the current specification for thermal stability (breakpoint of at least 260"
C). Although the final results for these two studies are not yet available, the advanced concepts under
consideration include the following approaches to reducing heat load on the fuel after it leaves the fuel
tank: (1) relocate valves to lower temperature environment and use low ap nozzles which permit larger
injector ports, (2) use variable displacement pumps instead of the current gear type to reduce pump heat
rejection to the fuel, (3) reject lubricating-oil heat to the bulk of the fuel in the fuel tanks rather
than to the much smaller amount of fuel metered for the combustor, and (4) improve the thermal tolerance
of fuel nozzles and fuel lines exposed to high heat load by using heat shields, insulation, and/or cooling
air. While concepts such as these may potentially allow the use of fuels with reduced thermal stability,
none of these concepts has been verified experimentally. Some additional words of caution are in order.
At a workshop held at NASA Lewis [21], it was pointed out that heat shield and insulation devices designed
to reduce heat soak-back to fuel nozzles might reduce the aerodynamic efficiency of air-blast nozzles.
This would adversely affect the atomization quality of the fuel spray which is already an area of concern
with alternative fuels. This example indicates that we must be wary of interaction effects when changing
the design of fuel systems.

CONCLUDING REMARKS

Although fuel instability is not a serious problem for current fuels and aircraft, it could well be a
major problem in the future because of the possible deterioration of the quality of petroleum crudes and
the use of syncrudes. The problem could be exacerbated by the increased thermal stress that will probably
be encountered in advanced turbine engines. We have tried to show in this paper that the instability of
aircraft fuel is an extremely complex problem, with experimental investigations yielding results that
sometimes appear to be contradictory. Although a great deal of work has been done to understand the mech-
anisms of deposit formation, deposit composition, the role of trace impurities, and the effects of fuel
instability on airframe and engine fuel systems, much work remains to be done. It is anticipated that an
increased understanding of fuel instability will lead to methods for minimizing deposit formation or of
ameliorating its effects on fuel systems.

There is another potential benefit from an increased understanding of the fuel degradation process
which is related to fuel processing. Petroleum refineries currently do not use any specific processing

treatment to control the thermal stability of jet fuel, although selective chemical additives (anti-
oxidants) are frequently used to improve storage stability. The desired level of thermal stability is a
by-product of the other processing the fuel must undergo in order to meet other specifications. This
practice will probably not be satisfactory for alternative fuels because of reasons already stated.
However, a fundamental knowledge and understanding of the fuel degradation process will probably provide
value insight as to what type or types of additional processing should be undertaken to improve the ther-
mal stability of the resulting fuel.

Although there are many facets of the fuel instability problem that need to be explored, it is the
authors' opinion that additional research with the following objectives will lead to significant benefits
in understanding and dealing with fuel instability:

- Establish the roles and degree of importance of fuel hydrocarbon type and trace contaminants in
determining fuel instability.

- Compare rates, morphologies, and compositions of deposits produced via simulators with actual depos-
its produced in an engine fuel system.

- Evolve a model which will predict fuel deposition rates in an actual engine fuel system based on
input from laboratory simulators.

- Establish the relationship between storage deposits and thermal deposits. Are the mechanisms the
same, precursors the same?

- Determine the effectiveness of additives (anti-oxidants, free-radical scavengers, dispersants) for
improving fuel stability as well as their interactions with each other and fuel components.

- Experimentally evaluate conceptual fuel system components and fuel injectors that reduce exposure
to thermal stress and are more tolerant to small amounts of deposition.
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TABLE 1. MODERN INTRJMFNTATION FOR DEPO IT LNAAArTERICA'ION

INSTAI"ENT INEORMAT ION OBTAINED

CANNING ELECTRON MICROSCOPE (SEM) MORPHOLOGY OF DEPOSIT', THROUGH HIGTH MAGNIFICATION

ENERGY DISPERSIVE ANALYSIS OF X-RAYS ([OAX) QUALITATIVE AND SEMI-GUANTITATIVE ANALYSIS OF _-SIE
SAMPLE AREAS

ELECTRON SPECTROSCOPY FOR CHEMICAL ANALYSIS (ESCA) QUALITATIVE AND SEMI-UANTITATIVE ANALYSIS OF TOP 100
A OF SAMPLE SE RFACE - PROVIOFS BONDING INFORMATION

SECONDARY ION MASS SPECTROSCOPY (SIMS) QUALITATIVE AND SEMI-QUANTITATIVE ANALYSIS OF ?5 TO
7500 A LAYER OF SAMPLE PER MASS SCAN

FOURIER TRANSFORM INFRARED SPECTROSCOPY (FT-IR) DETERMINATION OF FUNCTIOAL GROUPS - SUPERIOR
SENSITIVITY TO CLASSICAL IR

RAMAN SPECTROSCOPY DETERMINATION OF FUNCTIONAL GROUPS - COMPLEMENTS IR

PHOTOACOUSTIC SPECTROSCOPY (PAS) CHROMOPHOR AND FUNCTIONAL GROUP DETERMIN. .IONS. AND
THERMAL PROPERTIES CHARACTERIZATION

PYROLYSISIGAS CHR]tATOGRPAHY-MASS SPECTROMETRY PYROLYZED FRAGMENTS FROM DEPOSIT IDENTIFIED -
MOLECULAR COMPOSITION OF ORIGINAL DEPOSIT DETERMINED

LOW TEMPERATURE

(BELOW 300P C - AUTOXIDATION)

RH + X R • + HX, (INITIATION) (1)

R" +O02  - R0 2  (2)

R02 + RH-- ROOH + R- (3)

R02 + ?- DEPOSITS, GUMS, SEDIMENTS (4)

INTERMEDIATE TEMPERATURE

(300 -5W0 Cl

ROOH - RO" +HO* (5)

RO" + RH ROH + R (6)

HO + RH- H20 + R (7)

ROOH + X-KETONE + XH, (SECONDARY
HYDROPEROXIDE) (8)

RH Ri " +R 2 ", (PYROLYSIS) (9)

ISOMERIZATION AND
DECOMPOSITION OF R
AND R2 " TO FORM OLFINS

Figure 1. - Proposed mechanisms for fuel degradation.
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Figure 2. - Schematic of jet fuel thermal oxidation tester (JFrOT).
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Figure 9. - Deposition rate of various fuels. 1.0 10 kcal/mol
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Figure 10. - Arrhenius plot of deposit
rate in Jet A.

DISCUSSION

D.Snape, UK
Given a sample of a fuel deposit, what if any means are there of differentiating between the two principal
deposition mechanisms, i.e. gas phase and liquid phase?

Author's Reply 

I
I am not aware that any laboratory can predict, with any degree of confidence, the type of mechanism (i.e. liquid
phase or vapour phase) involved in the formation of deposits based solely on the morphology of the deposit. 1
am quite certain that our laboratory at NASA-Lewis does not have this capability. Such a capability might well
be useful in diagnosing deposition problems in actual aircraft fuel systems. However, one must keep in mind that
a deposit may undergo marked morphological changes following its initial deposition due to exposure to subsequen
thermal stressing.

'1
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ALTERNATIVE FUEL DEPOSIT FORMATION

J. TeVelde, L. J. Spadaccini and E. J. Szetela

United Technologies Research Center
East Hartford, Connecticut 06101

and

M. R. Glickstein

Pratt and Whitney Aircraft

West Palm Beach, Florida 33402 AD-P003 129
Abstract

A heated-tube apparatus was used to evaluate the deposit formation rates of four liquid hydro-

carbon fuels and to determine the effect fuel deposits have on the heat transfer characteristics of

aircraft gas turbine fuel systems. The fuels tested were: a low- aromatic JP-5, a blend of 80 percent

JP-5 and 20 percent hydrocracked gas oil, a blend of 50 percent JP-5 and 50 percent No. 2 heating oil,

and a shale derived JP-5. Deposit formation rates ranging from 10 hg/cm
2 

hr to 3000 pg/cm
2 

hr were

obtained at tube wall temperatures ranging from 480 K to 800 K, with peak formation rates occurring at

initial surface temperatures of 644 K to 672 K. Results indicate that deposit formation rate

correlates very well with initial surface temperature and the thermal stability rankings derived from

present experimental results agree very well with rankings based upon independent JFTOT analysis. The

deposit thermal resistance, as calculated from heat transfer measurements, correlates well with

measured deposit quantity and thickness. Heat transfer analyses indicate that the deposit thermal

conductivity increases with increasing deposit thickness, and ranges from values approximating the

thermal conductivity of the fuel to values approaching that of amorphous carbon.

Nomenclature

A inner surface area of clean tube

A' deposit inner surface area

D tube inner diameter

Do  tube outer diameter

D' inner diameter of deposits

h clean tube convective heat transfer coefficient

h' convective heat transfer coefficient subsequent to start of test

k fuel thermal conductivity

kd deposit thermal conductivity
kw tube wall thermal conductivity
L tube length

Nu Nusselt number

P fuel pressure

AP pressure drop across tube
Pr Prandtl number

Q heat flux

Q' heat generation per unit volume

Re Reynolds number

Tb bulk fuel temperature

Twi tube inner wall temperature

Tw tube outer wall temperature at time = 0

t deposit thickness

U overall heat transfer coefficient

V tube entrance velocity

T test duration

Introduction

In recent years, increased attention has been directed toward the effective utilizati7n of alter-

native fuels in aircraft gas turbines. New fuel blends derived from crude oil, coal liquids, or shale

oil require careful study prior to effective implementation, since significant deviations from conven-

tional fuel specifications may occur. An important area of concern that is directly impacted by devia-

tions in fuel specification is that of fuel thermal stability. Changes in fuel composition which may

be detrimental to thermal stability are likely to include a higher fraction of aromatics and olefins as

well as increased concentrations of minor species such as sulfur, nitrogen, and trace metal contami-

nants. Furthermore, higher pressure ratio engines and flight at supersonic speeds result in increased

heat fluxes and higher thermal loadings on the fuel systems, and can lead to the production of insol-

uble deposits in the fuel. Thus, the potential for increased thermal loading and significant devia-

tions in fuel specifications make fuel thermal stability a potentially serious problem.

Hydrocarbon fuel thermal stability has been investigated for many years by numerous authors
l-1 0 .

The rate of deposit formation on heated surfaces has been found to vary with temperature in a unique
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matter
2
,
3 7

.
9 

characterized by a rapid increase with increasing surface temperature, up to approxi-

mately 670 K, followed by a rapid decrease and yet another more gradual increase as the reaction

mechanism shifts from oxidation controlled to pyrolysis controlled. In addition to surface tempera-

ture, previous studies have shown that fuel deposition is a function of fuel composition, fuel tempera-

ture, fuel pressure, and velocity. While there is presently only a limited understanding of the

mechanisms involved in deposit formation, it is generally believed that deposits are produced by free

radical autoxidation of hydrocarbon molecules. Although questions regarding the mechanisms involved

during deposit formation still remain, it is generally believed that deposit precursors produced by

oxidation of the fuel dre condensed out of the fuel in a stepwise mannerI
. 

Except for recent investig-

ations
7
'
9 

little effort has been directed toward evaluating the effects of fuel deposits on the fuel

system heat transfer characteristics. Because of the number of factors influencing hydrocarbon decomp-

position, determination of the useful heat sink capacity (or temperature limits) for a specific fuel

should be made at the conditions of planned application. While a standardized coker test yields a

direct comparison with a fuel specification, it does not provide data for design of a new fuel applica-

tion. Such data can only be obtained by evaluating decomposition-deposition characteristics at condi-

tions simulating the desired application. Consequently, an experimental investigation was undertaken

using a newly developed methodology for evaluating the thermal character of alternate fuels whose

properties may be representative of changes in the properties of future fuels. Specifically, this

characterization relates the evaluation of the fuel thermal stability to the deposit heat transfer

characteristics at conditions representative of the engine application.

Fuel Selection and Characterization

The purpose of this study was to investigate the deposit formation ot several fuels thought to

have a relatively wide range of thermal stability and to relate how deposit formation impacts heat

transfer characteristics and pressure losses within tubes. The detailed chemistry of the deposit for-

mation mechanisms was considered beyond the scope of the present effort. Therefore, no attempt was

made to systematically vary fuel composition. However, four fuels whose compositions were thought to

span a wide range of thermal stability were selected for evaluation. These fuels were: a low-aromatic

JP-5, a shale-derived JP-5 with nitrogen compounds partially replaced (NAPC-14), a mixture of 80 per-

cent JP-5 and 20 percent hydrocracked gas oil (NAPC-7), and a mixture of 50 percent JP-5 and 50 percent

No. 2 heating oil (NAPC-ll). A tabulation of selected properties of the fuels tested is presented in

Table I. Note that the JFTOT taermal stability analyses performed subsequent to testing indicated that

the JP-5 fuel sample failed the pressure drop criterion.

Table 1 Selected properties of test fuels

JP-5 NAPC-7 NAPC-11 NAPC-14

Aromatics (vol. %) 14.99 32.57 21.6 24

Olefins (vol. %) 0.79 0.86 1.1 1.6

Sulfur (wt. %) 0.005 0.047 0.07 0.002

Nitrogen (ppm) neg 57 33 2.6

API Gravity (at 288 K) 41.8 35.6 39.6 43.7

Distillation (K)

IBP 454 466 460 457

10% 472 477 478 466

20% 476 482 486 469

50% 490 499 5-6 478

90% 516 545 567 504

EP, max 534 561 577 530

JFTOT Thermal Stability

Breakpoint Temperature (K) 544 533 516 541

AP (25mmHg) Failure Temp (K) 522* >533 >516 >541

*fails specification

Test Facility and Experimental Procedure

Deposit formation experiments were conducted under steady flow conditions in an apparatus contain-

ing a single resistance-heated tube which was insulated from the surroundings. The apparatus, shown

schematically in Fig. I, was capable of continuous unattended operation and consisted of the following

major components: (1) a 275-gal fuel supply equipped with an air sparging system to ensure that the

fuel was air saturated, (2) a fuel delivery system consisting of a fuel pump capable of supplying fuel

at pressures up to 68 atm and associated filters to remove solid particulate contaminants larger than

2 im, (3) a high-pressure-drop orifice to render the fuel supply insensitive to pressure changes in the

test apparatus, (4) a turbine-type flow meter, (5) a resistance-heated tube connected electrically to a

64 Id d-c power supply, (6) a proportional temperature controller us,1 to maintain a constant fuel exit

temperature by regulating the input power, (7) a fuel cooler, (8) a back-pressure regulator, (9)

4 ~- another 275-gal reservoir for stressed fuel collection, and (10) a nitrogen purge system.

P4
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Figure 1. Deposit Test Apparatus

The standard heated test section is shown schematically in Fig. 2 and consisted of a 316 stainless

steel tube having a length of 2.4 m, an ID of 0.22 m, and a wall thickness of 0.05 cm. A few tests

were conducted with shorter 1.2 m tubes to investigate whether changes in the environmental history of

the fuel had an effect on fuel deposition. Each 2.4 m test tube was instrumented with thirty-three

thermocouples (spaced every 5 to 9 cm) to measure the outside wall temperature distribution; twenty-

six thermocouples (spaced approximately every 4 cm) were used along the 1.2 m tube. Fuel pressures and

temperatures were measured at the tube inlet, tube exit, and at three equally spaced intermediate loca-

tions along the 2.4 m tube, and at two equally spaced locations along the 1.2 m tube. In order to

obtain an accurate measurement of wall temperature while using direct-current heating, each thermo-

couple was electrically isolated from the tube by a thin layer of ceramic paint. The thermocouple
junction, whose size was no greater than 0.025 cm, was tightly pressed against the tube and secured
with additional layers of ceramic cement. An automatic data acquisition system continuously monitored

the data and recorded all data at regular preprogrammed intervals (15-mmn typical).

Prior to testing, the tube assembly was thoroughly cleaned in acetone and blown dry with nitrogen,

and new fuel fitter elements were installed. To ensure a repeatable initial test condition, the fuel

in the supply tanks was saturated by sparging with air for a minimum of twenty-four hours, and the dis-

solved oxygen content was measured. A test was initiated by first establishing the desired pressure

and flow rate condition and then activating the electric power supply and adjusting the power level

until the desired fuel exit temperature was achieved. The time necessary for attaining a steady fuel

temperature was typically less than one minute. Interlocking switches for automatic shutdown were then

activated, thereby permitting unattended operation, and the data acquisition system was activated. Any

improper thermocouple attachments were readily identified from the initial wall temperature profile and

data from such thermocouples were ignored in data analysis. At the conclusion of a test, the fuel flow

and power were simultaneously terminated and a three minute nitrogen purge initiated. The test tube

was then removed and sectioned for deposit analysis.

The quantity of deposit accumulated at various axial locations along the tube was determined by

oxidizing individual 5.1-cm-long sections of tube in heated air with continuous analysis of the evolved

gases. Approximately 12 sections were obtained by carefully subdividing the test tube using a thin-

bladed saw and a special jig that was designed to minimise tube vibration and heating and, thereby,

preserve the morphology of the deposit. Prior to analysis, each specimen was vacuum dried at 395 K for

a minimum of 16 hr to remove any residual liquid fuel. The tube sections were then installed in a

high-temperature laboratory furnace and the deposit was reacted with a metered flow of air, which was

directed through the inside of the tube. The effluent gas stream was passed through a platinum/pallad-

ium catalytic converter to ensure complete oxidation of all carbonaceous species to a)2 and was contin-

uously analyzed for both the 00 and 0O2 concentrations. The deposit (i.e., carbon) mass was determined

from a knowledge of the air flow rate and the concentrations of O and 012 in the reaction products.

This procedure was validated by performing several calibration runs in which pre-veighed samples of,pectrographic-grade carbon (ranging from 5 to 25 m) were oxidized.

A4'
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JP-5 Fuel Tests

A low-aromatic petroleum based JP-5 was chosen as the fuel with which to initiate testing and to
identify the important physical parameters that affect deposit formation. The experiments were
designed to evaluate the effects of key operating variables such as fuel pressure, fuel flowrate (velo-
city), test duration, and surface temperature. Tests were conducted at initial wall temperatures whose
values ranged from 545 K to 800 K, fuel temperatures ranging from 450 K to 755 K, fuel discharge pres-
sures ranging from 27.2 atm to 54.4 atm, and a tube entrance velocity of 2.6 m/sec. To achieve these
variations, constant input heat fluxes ranging from 45 to 75 Watt/cm

2 
were required.

An example of the progression of a typical wall temperature distribution throughout the duration
of a test conducted at a baseline condition (tube entrance velocity of 2.6 m/ser, pressure of 27.2 atm
and fuel discharge temperature of 755 K) is presented in Fig. 3. The initial rise and subsequent
decrease in wall temperature at the tube entrance is believed to be due to an interaction between the
developing temperature profile and the laminar-turbulent transition

i
. Therefore, because correlations

of heat transfer are strongly dependent on the local Reynolds number and the state of the boundary
layer all deposit formation data were obtained in the region of fully-developed turbulent flow down-
stream of the entrance. As fuel deposits form on the tube inner surface (downstream of the entrance),
the outer wall temperature increases due to added thermal resistance of the deposit. The temperature
data indicate that the increase in outer wall temperature realized at each time increment is greatest
at axial locations which correspond to an initial wall temperature ranging from approximately 645 K to
672 K. The magnitude of the resulting increases in outer wall temperatures at locations corresponding
to both lower and higher initial wall temperatures were considerably reduced.

The mass of carbon, determined from the oxidation analysis, was converted to a deposition rate for
each of the 5.1-cm-long tube sections and correlated with the average local initial-wall-temperature.
A composite plot of all the JP-5 deposit data is presented in Fig. 4 and clearly indicates that deposit
formation exhibits a characteristic behavior that is strongly dependent on the initial wa'l temperature

1100
JP-5 FUEL
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Fig. 2 Test Assembly Instrumentation Figure 3. Tube Wall Temperature Distribution

of the tube. That is, the deposit formation rates peak at an initial wall temperature of approximately
645 K. At wall temperatures greater than and less than this value, the rates decrease very rapidly
with temperature, as was suggested by the wall temperature increases shown previously in Fig. 3.
Taylor

3 
and Ssetela and TeVelde

7 
reported a similar effect of wall temperature on deposit formation.

The effect of pressure on fuel thermal stability was investigated by performing tests at fuel exit
pressures of 27.2 atm and 54.4 atm. Results (shown in Fig. 4) indicate that, over the range investi-
gated, fuel thermal stability was not affected by operating pressure. Furthermore, results of tests
perforsed at identical conditions for durations of I to 14 hr indicate that deposit formation was rela-

rtively independent of time. In addition, a test was run to investigate whether intermittent fuel heat-
ing had an effect on deposit formation. A duty cycle consisting of two hours of hot fuel flow followed
by one minute of cold fuel flow was repeated five times for a total test duration of ten hours.
Results of the wall temperature and deposit burnoff measurements showed that intermittent operation had
little or no effect on deposit formation or heat transfer. This was corroborated by the observation
that, in almost all cases upon the resumption of fuel heating, the tube wall temperatures returned to
their last previous values.
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The histories of the pressure drop across a typical section of tube and the corresponding local

wall temperatures obtained during a long-duration test are presented in Fig. 5. The pressure drop was

measured across a 0.61-m-long tube section located near the midspan in an area of peak deposit forma-

tion, and the wall temperatures were measured at the entrance, midpoint and exit of the tube section.

The pressure data indicate that deposits were continually being formed throughout the test; whereas,

changes in the wall temperature gradients suggest that there may have been a decrease in the rate of

deposit formation with increasing test time. It is hypothesized that rather than a decrease in forma-

tion rates, the structure of the deposits changes with time in a way which affects the heat transfer

characteristics (e.g., thermal conductivity or roughness).

Alternative Fuel Tests

The alternative fuel test series were performed with a 20 percent hydrocracked gas oil/80 percent

JP-5 fuel blend (NAPC-7), a 50 percent No. 2 heating oil/50 percent JP-5 blend (NAPC-l1) and, by a

shale-derived JP-5 fuel (NAPC-14). Test data were obtained at pressures of 27.2 and 54.4 atm, tube

entrance velocities ranging from 2.6 m/sec to 5.2 m/sec, test durations ranging from I hr to 10 hr,

surface temperatures ranging from 480 K to 800 K, and fuel temperatures ranging from approximately

425 K to 755 K.

A composite plot of the deposit formation rates obtained from the 20 percent hydrocracked gas

oil/80 percent JP-5 fuel blend (NAPC-7) is shown in Fig. 6 and exhibits the same dependence on initial

wall temperature as was described earlier for the JP-5 fuel. Also, test duration was again found to

have no significant effect on fuel deposition rates. A few tests were conducted at an increased veloc-

ity (5.2 m/sec), and with a shorter tube (1.2-m long) in order to investigate the effect of reduced

residence time and to determine whether the results were configuration-dependent. For the shorter
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Figure 4. Rate of Carbon Deposition for JP-5 Fuel Figure 5. Wall Temperature and Pressure Drop Histories

tube, twice the input heat flux was required to attain the same fuel discharge temperature as was

tested in the longer tube (i.e., 755 K) and, consequently, the corresponding tube wall-temperatures

were significantly higher. As seen in the figure, the deposit formation rates obtained from the

increased velocity and the short-tube tests were slightly higher than those obtained from the baseline

test condition of 27.2 atm, 2.6 m/sec velocity, and a 2.4 m tube length, particularly over the range of

initial wall temperature, 670 K to 770 K. Thus, it appears that there is a secondary dependence of

deposit formation on residence time, possibly related to the rate of depletion of deposit precursor

species from the fuel.

The deposit layer acts as a thermal barrier to heat transfer; therefore, to maintain a constant

fuel discharge temperature, a constant heat flux is required and the wall temperatures must increase.

The thermal resistance of the deposit (t/k) wa, determined according to the following relation:

_. t_ k, (,U h I
where t is the deposit thickness, k is the deposit thermal conductivity, h is the clean tube convective

("file") heat transfer coefficient (determined at the start of the test), end U is the overall heatLI _ _ - I
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transfer coefficient (determined for all subsequent times). The temperature differences across the
thin-wall tubes were found to be small (generally less than 6 degrees K), consequently they were not
included in the calculations. It is estimated that an error of five percent resulted from this

approximation. Using a value of 0.21 Watt/m-K for the deposit thermal conductivity and 1 gm/cm
3 

for
the density of the deposit, the deposit rate was predicted based on the measured wall temperatures. A
comparison of the measured and the calculated rates of carbon deposition for NAPC-7 fuel is also
presented in Fig. 6 and there is relatively good agreement shown at wall temperatures below 700 K.
However, at higher temperatures the calculated rates are greater than those measured, indicating that a
lower value of deposit thermal conductivity and/or density would have resulted in better agreement.

The deposit formation and heat transfer data obtained for the 50 percent No. 2 heating oil/50 per-
cent JP-5 fuel blend (NAPC-1l), presented in Fig. 7, allow for a direct comparison between carbon
loading per unit area and the deposit thermal resistance, both determined at the conclusion of the
test. The straight line in the figure represents the predicted values, based on the assumption of a
thermal conductivity of 0.21 Watt/m-K and a deposit density of I gm/cm

3
. The results indicate that

thermal resistance calculations can be correlated with deposit loading and that the constant values of
thermal conductivity and density chosen for the calculations represent a good first approximation to
the data. The data represented by solid symbols were obtained from a test whose duration was 1 hr, as
compared to 5-hr durations used in the remaining NAPC-11 tests. It is obvious that a lower value of
deposit thermal conductivity and/or density would better correlate the data for the I-hr test. This
result suggests that a formulation depicting the functional relationship of deposit thermal conduc-
tivity and density with surface temperature and thickness (time) is required to better predict deposit

formation rates from heat transfer measurements" It is postulated that the thermal characteristics of
thin deposit layers are better approximated by the thermal properties of the fuel and as deposits con-
tinue to build up and crystallize, the thermal characteristics begin to change and eventually approach
those which might be expected from a graphitic type structure.
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A comparison of the deposit formation rate correlations determined for each of the fuels tested is
presented in Fig. 8. Although data scatter may have introduced a slight bias in the positions and

slopes of the curves presented, it is believed that the curves accurately represent the trends and
allow comparisons to be made. Because the thermal stability of the shale-derived fuel (NAPC-14) was
unexpectedly high (due to stringent refining procedures) a 5-hr test duration resulted in relatively
small mounts of deposit at wall temperatures below 600 K. Measurement of such mall quantities of
deposit (typically less than 150 ug) was beyond the accuracy of the analysis equipment and, therefore,
these data are not included. The curves indicate that the deposit formation rates of all four fuels
tested are strongly affected by the initial wall temperature. Corresponding JFTOT breakpoint tempera-

tures for each of the three alternative fuels are also shown on the figure and indicate that the rela-

tive rankings of the fuels based on the results of the current study and on independent JFTOT measure-
ments agree very well. A JFTOT breakpoint temperature is not reported for the JP-5 fuel because it
failed the JrTOT pressure drop criterion. The agreement between the relative rankings suggests the
possibility of correlating breakpoint temperatures with deposit formation rates and, therefore, deposit

Cthickness and heat transfer effects.
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Heat Transfer Correlations

The fuel-side convective heat transfer coefficient, h, is defined as the ratio between the heat

flux and the temperature difference between the surface and the bulk fluid, as shown in the following

relationship:

h = Q/A (2)

Tw- Tb

The inner wall temperature, Tw i, is determined from the outer wall temperature measurement by the fol-

lowing relationship:

Tw =Tw -(Q'/16kw)[2Do
2
Ln(Do/D)-Do

2
.D

2
1 (3)

Assuming the convective heat transfer to generally behave in accordance with the Dittus-Boelter

equation for turbulent flow in tubes, the relationship between the film coefficient, fluid properties,

and flow conditions is described by:

Nu-0.023(Re).8(Pr)
.4  

(4)

The heat transfer data for all of the JP-5 tests are presented in dimensionless form in Fig. 9. All

fuel properties used in the calculations were evaluated at the "film" temperature, defined as the

arithmetic mean of the wall and bulk temperatures. The fuel thermophysical properties used in all data

correlations were compiled from data obtained for JP-5 in the liquid state12, from Maxwell's general-

ized data for hydrocarbons over a wide range of thermodynamic states
1 3

, and correlated near-critical

viscosity and thermal conductivity data for similar hydrocarbons
1 4

'
1 5
. As shown in Fig. 9, the test

data are seen to be very consistent and, except in the inlet region, are well represented by an

exponential relation similar to Eq. (4). As stated previously, the different behavior of the inlet

region of the tube is apparently due to an interaction between the developing temperature profile and

the laminar-turbulent transition.

5000 I
8 P =JFTOT REAKPOINT 8 P =517K

TEMPERATURE I I

c~o~lO001000

C/ /-N1000-/

/ 533K

LI-

cc 100. AC-1N
Zp

0100

NAPC-1 4' (4

INITIAL WALL TEMPERATURE (K) 0.1 1.0 Rx1-4 10.0 100.0

a Figur 8. Comparison of Deposit Formation of Test Fuels Figure 9. Convective Heat Transfer Data for JP-S

Because deposit accumulations cause a reduction in flow area and therefore an increase in fluid

velocity, Eq. (4) should be modified to adjust the file coefficient at all times subsequent to the
start of the test. The resulting modification is given by;! ~

' - h (D D ' ) 
l'
* ( 5 )
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where D' - 0-2t.

Similarly, because of the change in inner surface area, Eq. (1) is modified to:

IUA - I/h'A' + 2t/kd(A+A') (6)

where A and A' are the inner surface areas of the clean tube and of the deposits, respectively, t is

the deposit thickness, and kd is the thermal conductivity of the deposited material. Combining Eqs.

(5) and (6) yields:

kd = 2t D1 (7)

(D+D') I/V - (D/D)
.8 

1/hi

The deposit thickness can be obtained assuming a constant deposit density of I gm/cm
3 
and a constant

deposit formation rate. Therefore, Eq. (7) provides a relation for calculating the thermal conduc-

tivity of the deposits, based on the heat transfer and deposit rate data.

Results of the thermal conductivity calculations made using Eq. (7) indicated that the data do not

fall naturally along a well-defined curve. Therefore, in an effort to develop a correlating parameter,

the data have been compressed about a mean wall temperature (500 K) using an appropriate transformation

function (see Fig. 10). As shown in the figure, the deposit thermal conductivity for JP-5 exhibited a

minimum value approximating the conductivity of the fuel (i.e., .03 Watt/m-K) and increased with
increased deposition to a value approaching that of amorphous carbon (i.e., 3 Watt/m-K). The observed

relationship suggests a potential model for the deposition process, i.e., a very porous initial deposit

layer, gradually being solidified by pyrolysis of fuel permeating the porous structure. As the deposit

layer solidifies, the effective thermal conductivity increases from the value for the fuel toward a

value for amorphous carbon.
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Figure 10. Deposit Thermal Conductirity Correlation for JP-5

Concluding Remarks

Thermal stability characteristics of four liquid hydrocarbon fuels have been evaluated using a

Wheated-tube apparatus which permitted independent control of temperature, pressure and flow velocity.

The results demonstrate the applicability of the apparatus for evaluating fuel thermal stability and

deposit heat transfer characteristics over a broad range of test conditions. The deposit formationfrate characteristics of all of the fuels tested were similar in that rates were very sensitive to the

wall temperature, with peak formation rates occurring at initial surface temperatures of 644 K to

672 K. Comparisons of results indicated that, of the different fuels tested (i.e., JP-5, 50 percent

hydrocracked gas oil/80 percent JP-5, 50 percent No. 2 heating oil/50 percent JP-5, and shale derived

JP-5), the shale derived JP-5 fuel produced significantly less deposit than any of the other fuels at

identical test conditions possibly due to the stringent refining process required to produce a low

nitrogen content product. Rest transfer analyses indicate that the deposit thermal conductivity

II .



increases with increasing deposit thickness, and ranges from values approximating the thermal conduc-

tivity of the fuel to values approaching that of amorphous carbon. Furthermore, over the range of

conditions tested and to a first approximation, the effect of deposits on fuel system heat transfer can

be predicted provided the variation of deposit thermal conductivity and density with temperature and

deposit thickness (time) is known. Finally, fuel thermal stability rankings derived from the present

experimental results agree very well with rankings based upon the standard JFTOT analysis.
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DISCUSSION

G.Datschefski
I am very interested in the possible influences of chemical composition of the four very different fuels used in
this research on deposit formation in the test apparatus. In Figure 8 you showed that there was quite a good
correlation between deposit formation rate and JFTOT breakpoint temperature of the different fuels. Was any
correlation found between deposit formation and concentrations of chemical components in the fuels, such as
aromatics, olefins, hydrogen content? We have found that the bulk chemical corporation of a jet fuel has little
effect on its deposit forming tendency, but that certain trace components can play a very significant role.

Author's Reply
In order to derive meaningful correlations regarding the influence of chemical composition on deposit formation
it is necessary to selectively vary an individual fuel property over an adequate range while maintaining all other
properties approximately constant. Because there were simultaneous variations of several fuel properties among
the fuels tested in this study, it was not possible to isolate the effect of any one fuel property or chemical group.
However, a comparison of the results indicates that sulphur content appears to correlate with deposit formation:
that is, the fuels with the maximum and minimum sulphur concentrations also corresponded to the maximum
and minimum fuel deposition rates.

S.Wittig
You indicated that the entrance region - almost 500 mm if I see it correctly -- has been "neglected". However,
in consulting Figure 3, the developing boundary layer may have some profound effects on the history of deposit
formation rate and your results, as extremely strong temperature gradients are imposed. Did you analyze these
phenomena in detail?

Author's Reply
An analysis of the entrance region effects and how deposit formation affects the heat transfer in the area has been
made and is presented in a separate paper entitled "Tube Entrance Heat Transfer with Deposit Formation" authore
by E.J.Szetela and D.R.Sobel (AIAA 82-0918). In addition, deposit quantities were measured in the entrance
region and were found to be relatively high, considering that the corresponding fuel temperature was quite low
(i.e. less than 375°F). However, as you have indicated, the temperature gradients are so severe that it was not
possible to relate deposit quantity to a value of wall temperature in this region.

I,
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COMBUSTOR TECHNOLOGY FOR BROADENED-PROPERTIES FUELS

W. J. Dodds

.... . General Electric Company/Aircraft Enqine Business Group
I Neuman Way

Cincinnati, Ohio 45215
U.S.A.

SUMMARY AD-P003 130
In order to increase the availability and reduce the cost of future fuels for aircraft gas turbine

engines, it may be necessary to broaden fuel specifications. Anticipated changes in fuel properties, and
the effects of these changes on combustion system performance, operating characteristics, durability, and
emissions are briefly reviewed, and results to date of a program being conducted to develop and demonstrate
combustor technology required to utilize broadened-properties fuels in current and next-generation engines
are described. Combustion system design considerations and tradeoffs for burning broadened-properties
fuels are discussed, and test experience with several applicable combustor design modifications to the
General Electric CF6-80A combustion system is reviewed. Modifications have been demonstrated to improve
liner cooling and reduce smoke in the conventional annular combustor, thereby reducing effects of vari-
ations in fuel hydrogen content. Advanced staged and variable geometry combustor concepts for burning
broadened-properties fuels have also been demonstrated.

1. INTRODUCTION

Long term use of fuels having a broader (wider) range of properties than current jet fuels is of
interest as a means to reduce fuel cost and increase fuel availability in the future. Trends towards
increased aromatics content (reduced hydrogen content) and increased freezing point have already been
identified in commercial fuels used within the U.S., and use of syncrudes without extensive processing
would result in further reductions in fuel hydrogen content. The U.S. Air Force has particular interest
in changing from a volatile wide-cut fuel (JP-4) to a kerosine fuel (JP-8), motivated by NATO standard-
ization and combat vulnerability considerations.

Several fuel effects programs have been or are being sponsored by the U.S. Air Force and the U.S.
Navy to evaluate and quantify the effects of variations in fuel properties on combustion system and
turbine performance, operating characteristics, durability, and emissions in current military aircraft
gas turbine engines [1-8]. The U.S. National Aeronautics and Space Administration (NASA) and Federal
Aviation Administration (FAA) have sponsored similar fuel effects programs for commercial engine com-
bustors [9, 10]. NASA and the Navy have also sponsored programs specifically to evaluate and evolve
combustor design technology to permit the use of broadened-properties fuels in future engines [11-14].

The objective of this paper is to describe the current technology status with regard to the design
of combustion systems for burning broadened-properties fuels. This description will consist of a brief
background discussion of the effects of burning broadened-properties fuels on combustor system operation,
based on previous fuel effects studies, followed by a description of applicable combustor technology to
reduce or offset these effects, based primarily on results of the NASA/General Electric Broad-Specification
Fuels Combustion Technology Program [11].

2. DESIGN CONSIDERATIONS FOR BROADENED-PROPERTIES FUELS

Definition of appropriate combustion system features or design modifications to use broadened-
properties fuels in a specific engine application requires a knowledge of (1) fuel properties, including
the properties of the fuels currently in use in the engine as well as the expected range of future fuel
properties; (2) the projected effect of the expected changes in fuel properties on combustor performance,
operating characteristics, durability, and emissions; (3) the expected extent of engine operation, and any
special operating requirements on broadened properties fuels; and (4) the operating and performance margins
of the present, baseline combustion system when operated on current fuels.

Fuel Properties

Most currently used aviation turbine fuels can be classified as kerosines (F-34, F-35, Jet A, JP-5,
JP-8, AVTUR) or more volatile wide-cut distillates (F-40, Jet B, JP-4, AVTAG). Future fuel specification
limits, intended to cover the expected range of fuel properties required in future commercial aviation
turbine fuels (except for fuels containing large proportions of coal liquids) were defined by the Jet
Aircraft Hydrocarbon Fuel Technology Workshop conducted at the NASA-Lewis Research Center [15]. The
resulting Experimental Referee Broad Specification (ERBS) Fuel specifications are similar to broadened-
specifications for military jet fuels which have been proposed by the U.S. Air Force Aero Propulsion
Laboratory [16], and to specifications for the AGARD Research Fuel (ARF) defined by the AGARD Propulsion
and Energetics Panel Working Group 13 [17]. Key fuel specifications and typical test fuel properties for
the JP-4, Jet A, and ERBS fuels being used In a current NASA/General Electric test program [11] are shown
in Table I. Also shown for reference are AGARD Research Fuel specifications.

In terms of fuel composition, the ERBS fuel specification represents a sizable jump in aromatics
*' content, and corresponding reduction in hydrogen content, relative to either of the current fuels. Thus,

the use of an ERBS type fuel would represent a sizable change in fuel composition regardless of whether
JP-4 or Jet A is currently in use. However, In terms of fuel volatility and fluidity, the difference
between current JP-4 and Jet A is much larger than the difference between Jet A and ERBS. For example,
the viscosity of the Jet A test fuel Is nearly three times that of the JP-4, while the viscosity of ERBS
is only 15 to 20 percent above that of Jet A. Thus, where JP-4 is currently in use (as in U.S. Air Force
operations) volatility and viscosity effects of a transition to ERBS fuel would be substantial. On the
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other hand, where Jet A is currently in use, effects of a transition to ERBS fuel should have less impact.

As with aromatics content, fuel thermal stability limits, as described by the Jet Fuel Thermal Oxidation
Tester (JFTOT) breakpoint temperature, are the same for both of the current fuels, while the ERBS fuel can
be less stable.

The similarity in ERBS and Jet A viscosity and volatility is largely a result of freezing point
considerations. Any fuel having a freezing point low enough for general aviation use will almost in-
evitably have fluidity and volatility characteristics similar to current kerosines such as Jet A. However,
a more severe change, particularly applicable to military applications, would be the short term use of non-
aviation fuels in emergency conditions. In this case, consideration of operating limitations and short
term effects of using heavier fuels is also applicable. Consideration of fuels having hydrogen content
of about 12 percent is also applicable to the long term use of coal-derived fuels.

Fuel Effects

As indicated above, detailed fuel property effects have been determined for a wide range of different
military and commercial engine combustion systems [1-9]. These studies indicate that, in general, fuel
composition (hydrogen content) determines high power combustion characteristics; physical properties
(volatility and fluidity) affect lightoff and low power characteristics; and thermal stability determines
fuel injector life.

High power effects can be well characterized by fuel hydrogen content. As fuel hydrogen content
is reduced, soot formation is increased, and peak flame temperature is also increased because the lower
water content of the combustion products from the lower hydrogen content fuels reduces their specific
heat. Increased soot formation leads to higher flame emissivity within the combustor and increased smoke
emissions at the combustor exit. Higher flame emissivity leads to increased flame radiation, increased
liner temperatures, and ultimately to reduced liner life. Increased soot formation tendency can also
lead to carbon deposition on combustor surfaces. Increased flame temperature tends to further increase
flame radiation, and also increases NOx formation rates.

Table II indicates the extent to which fuel composition affected combustor emissions and performance
in several recent fuel effects studies. In each case, the change resulting from a reduction from 14 to 13
percent fuel hydrogen content is shown. This is approximately equivalent to a change from Jet A to ERBS
fuel. The strongest effect of fuel hydrogen content, in terms of percentage change, was on smoke emissions.
Smoke levels were increased by up to 70 percent. An equally significant effect is the predicted life re-
duction brought about by increased liner temperatures. In the engines shown, predicted life was reduced by
between 11 percent and 33 percent as a result of liner temperature rise increases of only 2 percent to 10
percent. NOx emissions also increased consistently, though slightly, with reduced fuel hydrogen content.
The NOx increase averaged less than 5 percent, which is insignificant in terms of the current emissions
regulations. Other potential effects of a reduction in fuel hydrogen content, including increased carbon
deposition, increased turbine metal temperatures, and turbine erosion due to higher levels of carbon
particulates were not found to be significant for systems tested.

As fuel fluidity is reduced (increased viscosity, surface tension, and density) the size of droplets
produced by either a pressure atomizing or airblast type of fuel injector is increased. These larger
droplets evaporate at a slower rate, and have different trajectories than smaller droplets, thereby
changing the fuel distribution within the combustor. Reduced volatility, which is closely related to
fluidity, also reduces the evaporation rate. Effects of variations in fluidity (expressed as relative
drop size) on minimum ambient temperature for ground start are shown for several different combustors in

Figure 1 (from Reference 5). Combustors having pressure atomizing nozzles which produce a fine spray at
lightoff conditions were virtually unaffected, while the airblast injected FlOl was strongly affected.
Low power CO and HC emissions levels were also increased with decreased fluidity. CO levels were 10 per-
cent to 35 percent higher with No. 2 Diesel than with JP-4. However, this translates to a reduction of
only 0.5 percent in combustion efficiency at idle, and a much smaller reduction at higher power levels.

A reduction in fuel thermal stability increases the rate at which fuel nozzle control valves and fuel
nozzle tips are affected by fuel fouling. As shown in Figure 2, fuel injector life is a strong function
of the difference between the fuel temperature and JFTOT breakpoint temperature.

In summary, previous studies indicate that the truly significant problems arising from changes in fuel
-properties are limited to increased smoke emissions, reduced liner life, decreased ignition capability, and

reduced fuel injector life. However, the extent to which these effects are actually significant depends on
the anticipated change in fuel properties (as discussed above), and the performance margins of the specific
combustion system being considered. For example, the FIOI engine currently has a smoke level of less than 3
on JP-4. Even with a change to 12 percent fuel hydrogen content, resulting in a 45 percent increase in
smoke number, smoke emissions would still be well below the visible level of 20. In this case, increased
smoke might not be serious.

A final consideration affecting selection of design technology to be implemented is the design status
of the engine under consideration. For an existing engine design, only the use of retrofittable modifica-
tions would be applicable, while more radical design changes, including advanced combustor concepts, would
be applicable to a new engine in the design phase.

3. COMBUSTOR DESIGN TECHNOLOGY

Once the specific fuel property changes, expected effects, and current combustion system performance

margins have been defined, the use of selected combustion system modifications can be evaluated. In the
following discussion, combustion system modifications are considered as they relate to changes in fuel
composition; fluidity and volatility; and thermal stability.

The following discussion deals specifically with the ongoing NASA/General Electric Broad-Specification
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Fuels Combustor Technology Program [11]. This program involves the design and sector combustor component
test evaluation of several different combustor configurations for operation on broadened-properties fuels.
Combustor configurations are sized for the CF6-80A engine, which is a large (50,000 lb. Thrust Class), high
pressure ratio turbofan. Combustor concepts evaluated in this program cover the range from retrofittable
modifications to the standard CF6-80A combustor (Figure 3) to the use of the advanced double annular staged
combustor and the ultra-short variable geometry combustor shown in Figure 4. Several different modifica-
tions to each of the three combustor concepts are being evaluated.

The double annular combustor is a parallel staged design. At lightoff and low power conditions, all
of the fuel is burned in the pilot stage, which is designed to provide low-velocity, near-stoichiometric
primary combustion for good ignition and low power performance. At high power, both stages are fueled.
Most of the fuel is supplied to the main stage, which is designed to provide high-velocity, lean primary
combustion for low smoke and NOx formation.

The single stage, variable geometry combustor uses a variable area swirler to control primary combustion
zone conditions. At low power, the variable swirler is closed to provide low velocities and near-stoichio-
metric fuel-air ratios as in the double annular combustor pilot stage. At high power, the swirler is opened
to provide hiqh-velocity, lean primary combustion as in the double annular combustor main stage.

Experimental evaluations of the combustors shown in Figures 3 and 4 are being conducted in a high
pressire (4 MPa) 60' sector combustor test facility, which is capable of operation at the maximum combustor
inlet pressures and temperatures encountered during actual engine operations. Instrumentation is provided
to measure liner temperatures, flame radiation, exit temperature and fuel-air ratio profiles, smoke, and
gaseous emissions over the full range of steady-state operating conditions. Additionally, lean blowout at
idle operating conditions and altitude relight performance are being measured. A total of six test fuels
are being used to span the wide range of chemical and physical properties indicated in Table III. Test
fuels include JP-4, Jet A ( which also meets JP-5 and Jet A-l specifications), and No. 2 Diesel Fuel, which
provide a range of viscosity and volatility. Three other specially blended Experimental Referee Broad-
Specification (ERBS) fuels having physical properties similar to Jet A, but having different hydrogen
contents, provide a range of chemical properties.

The NASA/General Electric program is aimed specifically at commercial engine applications. In these
applications, the overriding concerns are combustion system life reduction and increased smoke emission,
both of which are due to reduced hydrogen content. Since the current fuel fnr commercial applications is
Jet A, and emergency use of heavier non-aviation fuels is unlikely to be required (as might be the case
in a military application), fuel fluidity effects are of secondary importance in this specific application.

Fuel Composition

As described above, the most serious long term effect of a reduction in fuel hydrogen content is
reduced liner life. One design approach to alleviate this problem is to change the liner material or
mechanical design. For example, a change from a nickel based alloy to a cobalt based alloy can nearly
triple predicted liner life. Mechanical design features, such as the use of a short film slot overhang,
which reduces overhang closure and buckling, can also be used. Segmented liner designs providing extended
life are also available, and transpiration cooled liners show promise. However, such mechanical changes
all require combustor replacement, rather than retrofittable modification.

Aerothermal design modifications to reduce or offset the effects of changes in fuel hydrogen content
are suggested by consideration of the physical phenomena which control combustor performance. For example,
liner metal temperature under steady-state conditions is determined by energy transfer from the hot com-

bustion gases to the liner by internal convection and radiation, and by energy transfer from the liner to
the outer passage airflow and engine structure by external convection and radiation, respectively. Conduc-
tion within the liner also affects the liner temperature distribution, but conduction 'ects are small
compared to convection and radiation, and can be neglected for consideration of fuel e rc ts.

Internal radiation from the hot gases depends on the temperatures and emissivities of the hot combus-
tion gases and of the inner surface of the combustor liner. The liner temperature increases observed with
reduced fuel hydrogen content are almost totally attributed to increased internal radiation, primarily due
to increased flame emissivity. Internal radiation heat transfer can be reduced by reducing the emissivity
or temperature of the combustion gases, by increasing the liner surface temperature or by reducing the
liner absorptivity.

Gas emissivity is due primarily to nonluminous CO2 and H20, and luminous soot. Modern low smoke
combustion systems are designed to provide an overall primary zone fuel-air ratio well below the level
required for soot formation. Therefore, any soot formed is due to locally rich regions. Soot formation
can be eliminated by providing a leaner or more uniform primary zone mixtire. Improved uniformity and
leaner mixtures also reduce peak gas temperature, thereby reducing flame radiation.

Improved primary zone uniformity can be obtained either by changing details of fuel injection for
improved atomization and more uniform fuel distribution, or by modifying the primary zone airflow patterns
for improved mixing. Figure 5 demonstrates the effect that a subtle change in fuel atomization can have.
In this case, the only change was to increase the proportion of flow to the primary (pressure atomizing)
orifice of the dual orifice fuel nozzle used in the CF6-80A combustor. This had the effect of improving
atomization slightly, and increasing the fuel concentration towards the center of the spray cone. As
indicated in Figure 5, liner temperatures and smoke were both reduced sufficiently to offset the effects
of changing from Jet A to ERBS fuel.

A change in the air swirlers surrounding the fuel nozzle affects both fuel distribution and fuel-air

mixing. The effect of a swirler modification is shown in Table IV. In this case, the standard swirler
was replaced with a unit which had the same airflow rate, but produced a wider fuel spray and stronger
recirculation. Smoke levels were substantially reduced, indicating reduced soot formation, but the wider
spray angle increased the amount of fuel near the combustor walls, resulting in a significant increase in
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liner temperature. This illustrates an important tradeoff between internal radiation, which was reduced,
and conduction which was increased by the higher temperatures near the wall.

Changes in the size and location of primary dilution holes can be used to provide a lean and more
uniform primary zone mixture. The marked improvement in smoke level and the slight reduction in average
liner temperature shown in Table V wereobtained by a relatively minor dilution modification in which about
5 percent of the combustor airflow was moved forward on the combustor liners by 3.5 cm.

One additional way to reduce gas emissivity is to reduce the mean radiation beam length across the
gas stream,which is proportional to the annulus height. However, reducing the annulus height increases
the flow velocity, which tends to increase convection and adversely affects ignition and low power
performance.

The ultimate in uniform, lean mixtures with a short mean beam length (high velocity) is obtained in
the advanced, lean burning variable geometry combustor and double annular combustor main staqe. In tests
conducted in the NASA/General Electric program, liner temperatures in the double annular combustor were
virtually unaffected by fuel hydrogen content, as shown in Figure 6.

Another approach to reduce internal radiation heat transfer is to treat the inner surface of the liner
to reduce emissivity and increase the temperature on the inner (hot side) surface of the liner wall. Both
of these effects can be obtained by using ceramic thermal barrier coatings (TBC). TBC is more reflective
than the base metal, so that less of the incident radiation is absorbed. A slight additional reduction in
radiative heat transfer is also obtained because the hot side surface temperature of the insulating TBC is
higher than that of an uncoated wall (although metal temperatures beneath the TBC are reduced). In the
conventional annular combustor, TBC reduced the average liner metal temperature by 26 K, which more than
offset a 13 K increase in temperature in going from Jet A to ERBS fuel in the uncoated combustor. Sensi-
tivity to fuel hydrogen content was also reduced with the coating, presumably because of increased reflec-
tivity. With TBC, the average liner temperature with ERBS fuel was only 6 K above that obtained witn Jet A,
compared to a 13 K increase in the uncoated combustor.

Heat transfer to the liners due to internal convection depends on the effective temperature adjacent
to the combustor wall (the film temperature), the wall surface temperature, and the heat transfer coeffi-
cient at the wall.

As described in the previous discussion of internal radiation, the film temperature is influenced by
the gas temperature profile across the combustor as well as the bulk, or average temperature of the com-
bustion gases. The use of lean mixtures will reduce both radiation and conduction heat transfer. However,
a center peaked profile with peak temperatures near the combustor pitch line is favorable for reducing
convection, while a uniform temperature reduces smoke and radiation. Film temperature can also be reduced
by increasing film cooling flows; however, this extra cooling airflow must be taken from either swirler or
dilution airflow, and the net result will generally be an increase in peak temperature near the combustor
pitch line.

Internal convection heat transfer can be reduced by increasing the hot side wall surface temperature.
This can be implemented by using thermal barrier coatings, as discussed above. The heat transfer coeffi-
cient could also be reduced by reducing the velocity of the hot gases; however, reduced velocity would
require either a primary zone airflow reduction (richer mixture) or increased annulus height (increased
mean beam length and liner area) which would tend to increase flame radiation.

External heat transfer is dominated by convective heat transfer from the liner to the airflow in the
passages surrounding the combustor. Radiative heat transfer from the liner to the engine structure is
generally a small proportion of total heat flux, and there is little that can be done through design changes
to increase external radiation. On the other hand, modifications to increase external convection have high
potential for liner temperature reduction.

External convection heat transfer increases with increasing external surface temperature and heat
transfer coefficient or decreasing cooling air temperature. Since the desired result is to reduce metal
temperature, increasing external surface temperature is unacceptable. The cooling air temperature is
identical to the combustor inlet temperature, which cannot be controlled. Thus, increasing the heat
transfer coefficient is the only external convection variable which can be influenced by combustor design.

Two methods for increasing the external convection heat transfer coefficient are by incryasing the
airflow velocity adjacent to the liner, or by using impingement cooling. Both of these methods have been
successfully demonstrated as means for reducing local liner temperatures in production combustors. The
CF6-50 combustor uses liner-mounted baffles to increase local airflow velocities, while the J79-17C
(smokeless) combustor uses combined cold-side impingement and hot side film cooling on the combustor dome.
In the combustor shown in Figure 7, a liner temperature reduction of about 40 K was predicted for the
panels using impingement cooling, assuming no change in internal flow patterns. However, no reduction
was measured in component tests. This discrepancy has not yet been resolved, but it could be attributed
either to changes in internal flow patterns due to reduced primary dilution jet strength (part of the
normal dilution pressure drop was used for impingement cooling) or to better than predicted film cooling
effectiveness, which could have dominated liner cooling. A potential drawback with design schemes to
improve external convection is increased pressure drop in the cooling airflow, which affects dilution jet
penetration and can reduce the pressure drop available for turbine cooling.

Increased smoke due to reduced fuel hydrogen content can be offset using the same types of modifica-

tions that are used to reduce flame emissivity by minimizing soot formation. Modifications which result
in a leaner or more uniformly mixed primary zone will generally reduce smoke formation as demonstrated in
Table IV and Figure 4. Conversely, fuel hydrogen effects on liner temperature were reduced in low smoke
configurations of the conventional annular combustor, as shown in Figure 8.
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Fluidity and Volatility

Reduced fuel fluidity and volatility affect ignition and low power operation by increasing the time
required for fuel evaporation and changing fuel distribution due to droplet trajectory effects. These
effects can be offset by implementing design changes to reduce droplet evaporation times, increase available
time for evaporation, or otherwise improve combustion conditions by controlling combustor primary zone
stoichiometry, effective volume, and mixing.

Fuel fluidity effects can be correlated using a calculated droplet size, which increases with fuel
viscosity, surface tension, and density. Correlations to estimate drop sizes are available for pressure
atomizing [18] and airblast [19, 20] injectors. Fluidity and volatility effects can be combined using a
droplet lifetime (reb) defined as

Teb - SMD
2

B

where SMD is initial drop size. The evaporation coefficient, 5, decreases (thereby increasing Teb) with
increasing fuel boiling point, energy required for fuel evaporation, and fuel density. The evaporation
coefficient also increases with increased local (primary zone) air temperature and relative velocity
between the fuel droplets and the airflow. Details of droplet lifetime calculations are given in
Reference 21.

Changes in droplet lifetime due to fuel effects can be offset by modifying the fuel injector design.
Appropriate changes normally involve a reduction in nozzle scale, to increase fuel pressure drop for
improved atomization and increased droplet velocities in pressure atomizing injectors, and to provide a
thinner film or fuel jet in airblast injectors. However, drop size is not the only important fuel injector
variable. Subtle changes in injector design can also have a strong (and not necessarily predictable) in-
fluence on low power operation, presumably by changing the initial fuel droplet trajectories. An improved
understanding of these detailed spray effects is needed.

Recent tests have also been conducted in which oroplet lifetime was varied by changing fuel type and
temperature. Effects of variation in fuel type and temperature on minimum pressure for ignition at altitude
relight conditions and on combustion efficiency at idle are shown in Figure 9. These same data are ex-
pressed in terms of droplet lifetime in Figure 10. In the case shown, the 50 percent recovery distillation
temperature was used for fuel boiling point and a constant ambient temperature of 1000 K was assumed for
droplet lifetime calculations.

Droplet evaporation times can also be reduced by maximizing the primary zone temperature. During
tests of modifications of the selected test combustor, it has been observed that variations in fuel
properties become less important as fuel flow is increased to the point where the primary zone is stoichio-
metric. This reflects more rapid vaporization due to both improved atomization as fuel flow is increased
and to increased ambient temperatures.

In general, any modification which tends to improve ignition and low power performance will tend to
reduce droplet (or fuel fluidity/volatility) effects. Swirl cup or dilution modifications to provide
improved mixing, near stoichiometric fuel-air ratios, strengthened recirculation, or increased residence
time within the combustor primary zone will all tend to improve ignition and low power performance.

In terms of fuel injector type, recent studies conducted at General Electric have generally indicated
that sensitivity to fuel evaporation effects is lower with pressure atomizing fuel injectors than with

airblast injectors [5, 14J. However, as shown in Figure 11, relative drop sizes (relative to JP-4) were
virtually the same for the FlOl airblast injector as for the J79-1hA pressure atomizing injector using fuels
that varied from JP-4 to No. 2 Diesel. Drop size data reported in the literature indicate that very fine
atomization can be obtained with airblast injectors, even at altitude ignition conditions. Therefore, it
is thought that either type of injector can be used successfully.

Fuel Thermal Stability

Fuel nozzle fouling normally occurs either at the fuel nozzle tip or at the flow metering valve. The
flow metering valve, mounted at the injector inlet to provide the desired fuel flow/pressure drop charac-
teristic, is normally the critical element with respect to fouling. The operating time before fuel nozzle
fouling, as measured in accelerated fouling tests has been shown to correlate with a temperature parameter
including the JFTOT fuel breakpoint temperature and the fuel temperature (as shown in Figure 2.)

Several different design techniques can be used to offset poorer fuel thermal stability [22]. An
obvious method is to reduce the fuel temperature by the same amount as the fuel breakpoint temperature
reduction, thereby maintaining the same temperature difference. In the case of ERBS fuel (Table I), the
required fuel temperature reduction would be 22 K. Fuel is currently used as a heat sink to cool engine
lube oil. Fuel temperature could be reduced by either using a fuel-air heat exchanger upstream of the fuel
nozzle or using air to cool the lube oil. In either case, weight, complexity, and specific fuel consump-
tion penalties ,:nuld result. These methods would not 'e applicable for supersonic applications due to high
air temperatures.

Another approach is to modify the fuel valve. Fuel metering valves are mounted on the injector in
several current engines, where they are directly exposed or in close proximity to the hot combustor inlet
airflow. Fouling tendency could be reduced by mounting the valves on the cooler fuel manifold, at the
cost of increased fuel system fill time. Current fuel injectors use a sliding piston type valve. In-
creased fouling tolerance could be obtained by using a larger piston valve having a higher ratio of valve
area (valve opening force due to fuel pressure) to wetted perimeter (resistance force due to fouling) at
the cost of increased weight. The use of fluidic valves would also reduce fouling tendency.
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Fuel nozzle tip fouling tendency could be reduced by using low pressure, airblast type fuel injectors
having large fuel passages. Improved insulation of the fuel nozzle tubes where they penetrate the combustor
inlet flowpath would also be beneficial to prevent fuel heating upstream of the injector tip.

Increased fuel fouling tendency also discourages the use of fuel staging, where some portion of the
fuel nozzles are shut off at low fuel flows corresponding to lightoff and low power. This strategy is used
to promote burning by providing a richer local mixture in the vicinity of the fueled injectors. When fuel
flow is interrupted, there is no cooling of the injector. Under certain conditions, such as a rapid de-
scent, the engine can be hot when the fuel flow is low enough to shut off some of the nozzles. Rapid
heating and fouling of the nozzles can then occur.

4. CONCLUDING REMARKS

In summary, the use of broadened-properties fuels imposes several conflicting requirements on the
combustor designer. In terms of combustor primary zone stoichiometry, reduced fluidity indicates the use
of richer conditions for ignition, while reduced hydrogen content requires leaner conditions for reduced
soot formation. This conflict could be resolved by using fuel staging, but fuel staging is discouraged
by reduced fuel thermal stability. In terms of fuel injection, use of pressure atomizing nozzles and
fuel heating will offset ignition and low power performance decrements due to reduced fluidity, while the
use of fuel cooling and airblast injectors are preferred to prevent fuel nozzle fouling.

Common requirements to offset both fluidity and fuel hydrogen effects are improved fuel atomization,
distribution, and mixing.

Much of the technology which has been developed in advanced high-temperature rise combustor develop-
ment programs is directly applicable to design of fuel flexible combustors. The use of short, compact
combustor flowpaths having low liner surface areas and advanced liner construction and materials, including
thermal barrier coatings, are all beneficial. Also, many of the same problems encountered due to the high
fuel-air turndown ratio (maximum fuel-air ratio divided by the minimum fuel-air ratio) in high temperature
rise combustors are similar to the increased difficulty of operation both at high and low power with broad-
ened-properties fuels.

For the specific case evaluated in the current NASA/General Electric program, involving a single
annular combustor burning ERBS fuel, it has been concluded that satisfactory performance and operating
characteristics could be obtained, with no life reduction relative to the baseline combustor operated on
Jet A, by implementing retrofittable modifications to the baseline combustor design. Specific modifica-
tions to offset reduced fuel hydrogen content included installation of thermal barrier coatings on the
combustor dome and liners and relocation of primary dilution holes to the first panel of the combustor
liners. An additional, optional, modification to further improve performance would be the use of a re-
vised fuel nozzle flow schedule in which a larger proportion of the fuel would be supplied to the primary
orifice of the fuel nozzle at high power conditions. No modifications were recommended specifically for
low power operation, since the ERBS fuel fluidity and volatility were only slightly poorer than the base-
line Jet A. Fuel staging at lightoff and idle, as used in the baseline combustor, was retained. Fuel
nozzle fouling would not be expected to be a problem in this application with a fuel meeting the ERBS
specification.

Work is continuing to define more extensive combustor design modifications for improved fuel flexi-
bility and applicable to more severe growth engine cycle operating conditions. Specific goals are to
eliminate the requirement for fuel staging and to incorporate an improved airblast fuel injector/swirl
cup assembly for fuels having poor thermal stability. The design strategy is to reduce primary zone air-
flow to provide lower velocities and richer mixtures for good ignition and low power performance. Smoke-
free operation at high power levels will depend on improved fuel injector/swirl cup atomization and mixing
performance. Evaluation of a quasi-transpiration cooled liner is also planned.

A key need, both for fuel flexibility and for high temperature rise combustors, is to develop improved
fuel injector/swirl cup models and design procedures, and to obtain a more thorough understanding of the
interaction between swirl cup and primary dilution flows. Current combustor development practice involves
extensive development testing to obtain a satisfactory, but not necessarily optimum, definition of fuel
injector/swirl cup system and liner dilution design features. With improved analytical design procedures,
these combustor design features could be more nearly optimized, thereby providing increased performance

* margins to accommodate poorer fuels and more severe operating conditions without radical changes to current
designs.

Ultimately, in order to satisfy increasing requirements for fuel flexibility and higher temperature
rise, it will probably be necessary to use an advanced system, such as the double annular or variable
geometry combustor concept. The variable geometry combustor has been selected as the preferred concept

4for continued development in the NASA/General Electric program. The double annular combustor was dropped
from the current study, primarily because of potential fuel nozzle fouling due to the fuel staging require-
ment. However, the double annular concept was successful in that it was virtually unaffected by fuel hydrogen
content at high power conditions. Variable geometry development is also being concentrated on development of
an improved variable airflow fuel Injector/swirl cup system configuration to provide good performance. Here
again, availability of improved fuel injector/swirl cup system design procedures represents an important need.
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Table I. Test Fuel Specifications and Properties.

fuel Type

Properties Wide-Cut (JP-4) Kerosine (Jet A) EROS 1PF

Properties Specifications Properties Specifications Properties Specifications Specifications

C OTsT 1lt-ion

- Aromatics, Vol. 12 25 (Max) 18 25 (Max) 31
- Hydrogen Content, Wt. . 14.4 -- 14.0 -- 12.9 12.8 * 0.2 13.2 * 0.2

Volatil ity

- Distillation, K
10 366 467 478 (Max) 466 478 (Max) 478 (Max)
20 381 418 (Max) 475 472- --
FBP 534 543 (Max) 539 573 (Max) 596 589 (Max) --

Fluidity

- Freezing Point, K 215 215 (Max) 231 233 (Max) 245 244 (Max) 243 (Max)
- Viscosity 0 25n K, CS 2.2 -- 6.4 9 (Max) 7.5 1? (Max) 12 (Max)

TherialStability

- JFTOT Breakpoint -- 533a(Min) -- 533a(Min) 511 (Min) 503 (Min)
Temperature, K

a Commercial Specifications Allow Retest At 518 K

Table II. Fuel Hydrogen Content Effects.

a Evaluation at Takeoff Operating Conditions
9 Effect of Reduction from 14% to 13% Fuel Hydrogen Content

Percent Change In Value

Combustor Smoke Max Liner Predicted NOx

Emission Temperature Rise* Liner Life Emission

CF6-80A (Baseline) -- +10 -33 +5
J79-17A +16 +5 -33 +3
J79-17C +36 +2 -11 +3
J85-21 +70 +2 -- +1
TF39 +16 +9 -22 -4
F10 +17 +7 -28 +5

• Liner metal temperature minus combustor inlet air temperature

Table Ill Range of Test Fuel Properties.

Properties Minimum Value Maximum Value
Composition

- Aromatics, Vol. % 12.3 (JP-4) 59.7 (ERBS 11.8)
- Hydrogen Content, Wt. % 11.70 (ERBS 11.8) 14.35 (JP-4)

Volatility

-Distillation, K
10% 367 (JP-4) 494 (DF2)
50% 431 (JP-4) 573 (DF2)
90% 503 (JP-4) 593 (DF2)

Fluidity

- Viscosity (310 K), cS 0.84 (JP-4) 2.73 (DF2)
- Freezing Point, K 216 (JP-4) 261 (DF2)

Table IV. Swirl Cup Configuration Effects.

Baseline Airblast/Radial
Swirl Cup Swirl Cup

Swirl Strength Low High
Spray Angle Narrow Wide
Takeoff Smoke Number 13.6 6.7
Takeoff Liner Temperature, K

- Maximum 1133 1224
- Average 1005 1092

Takeoff NOx Emission, g/kg 31.7 30.4
Idle Combustion Efficiency, % 99.5 97.6
Idle Blowout Fuel-Air Ratio, g/kg 5.7 4.2

____________________________________________________________
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Table V. Primary Dilution Location Effects.

Lean
Baseline Primary Zone

Primary Dilution Flow, %
- Panel 1 0 4.9
- Panel 2 9.9 5.4

Takeoff Smoke 41.2 13.6
Takeoff Liner Temperature, K
- Maximum 1119 1133
- Average 1017 1005

Takeoff NOx Emission, g/kg 26.7 31.7
Idle Combustion Efficiency, % 98.6 99.5
Idle Blowout Fuel-Air Ratio, g/kg 4.2 5.7
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Double Annular Combuator Variable Geometry Combustor
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isi

Short Double Annular Combustor Design Very Short Single Annular Design

Low Velocity Plot Stage Dome SwIrler Closed For Low Power Operation
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Co mbus0tion at Idlas - Rich Primary Zone Combustion
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Figure 4. Advanced Combustor Concepts.
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Annular Combustor Configurations
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DISCUSSION

S.Wittig, Ge
In calculating the droplet lifetime you used the SMD. The SMD, however, does not characterize the droplet size
distribution which may vary with fuel composition. What, in your opinion, could be the effects of varying size
distributions on your results?

Author's Reply
Droplet size distribution will certainly affect combustor performance and operating characteristics, probably in
much the same way that volatility distributions (or distillation curves) do.

In this respect, for example, a 10 percent droplet size could be defined (representing the smaller droplets) which
would be analogous to the 10 percent recovery point on the distillation curve. It would then be possible to
evaluate ignition based on the 10 percent droplet size and 10 percent recovery temperature, while combustion
efficiency could use the 90 percent droplet size and 90 percent recovery temperature.

I should point out that the SMD values used for this study were calculated from existing empirical correlations.
They were not measured. Therefore, actual size distributions were not known. We are currently developing
droplet size measurements for several of our fuel injector/swirl cup systems.

It is obvious from the correlations presented in the paper that SMD is very useful in correlating data where fuel
type and temperature are varied, but the combustor hardware is not changed. However, for a hardware change
such as using a different fuel injector, droplet size distribution, velocity distribution, and trajectory distribution
could all be important.

G.Winterfeld, Ge
The dual-orifice injector displayed in the paper shows a very narrow spray angle which could give rise to higher
fuel concentration in the center of the primary zone with detrimental effects on emissions, e.g. hydrocarbon
emissions. Can you, please, comment on that problem?

Author's Reply
The figure showing the dual orifice atomizer is schematic. However, the actual atomizer does produce a rather
narrow spray from the primary orifice. I believe that this narrow spray is actually important in reducing hydro-
carbon emissions. As shown in the paper, a swirl cup modification which produced a wider spray actually
increased hydrocarbon emissions (as evidenced by decreased combustion efficiency). With the wider spray,
unburned or partially burned fuel can be quenched by the relatively cool film cooling air adjacent to the
combustor walls.

I
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FUEL KFFECTS ON GAS TURBINE COMBUSTION SYSTEMS-

Stanley A. Mosier
... . Pratt & Whitney Aircraft

Engineering Division

West Palm Beech, FL 33402 AD P 3 1 1USA. AD-P003 131

SUMMARY

'The effects of variations in properties and characteristics of liquid hydrocarbon-bass fuels in
gas turbine engine combustors was investigated. Baseline fuels consisted of military-specification
materials processed from petroleum and shale oil. Experimental fuels were comprised of liquid petroleum
blends that were prepared specifically to exhibit desired physical and chemical properties. These fuels
were assessed for their influence on ignition and performance characteristics in combustors of the FIO0,
TF30. and J57 (TF33) engines at simulated operating conditions. In general, during relatively short
duration tests, combustor ignition and performance became increasingly poorer as fuel quality deviated
from specification or historical values. -

NOMICLATURE

B Mass transfer number in equations (1) and (3)

COP Combustor operating parameter in equation (2)

FCP Fuel characterization parater in equation (3)

FPR Fuel characterization parameter ratio in equation (t

ISP Liner severity parameter in equation (1)

PF Pattern factor in equation, (SI

Pra  Prandtl number of air in equation (

RDS isleti e droplet s*ze in equation ii

ref Reference. or referee

SG Specific grav,j in, v- eiitn

SND Sajter mean 3iametr eG. In and ,

Spec Specificetlion

Tu Perca turbulene intensity in equation (ir

U Free stream air velocity in equation (2)

VI Vaporization index in equation

0 Equivalenc, ratio

P Density of air in equation (2)

PDensity of fuel in equation (3)

- Dynamic viscosity of air equation (2)

1. INT36CTIO

Gas turbine engines for military aircraft have been designed and developed historically to operate
on high-quality, liquid hydrocarbon fuels produced to very exacting specifications. These
specifications were formulated as a compromise between desired performance characteristics of the fuel
and the concurrence of the processor to supply the quantities of fuel eeded at an acceptable price
using available technology. The specifications were comosed at a time when crude oil was plentiful and
cheap. Consequently. values of selected physical and chemical properties were chosen that were
sufficiently conservative to fully accomodate the most extreme environmental conditions under Which
current and future turbine-powered military aircraft might operate. In 1973. before the oil embargo.
refiiers were supplying high-quality Jet fuel to the military services for approximately eleven cents
per gallon; the Air Force's bill at that time for 143 million barrels of turbine-engine fuel wes less
than 600 million dollars (Reference 1).

The specifications established in the pro-embargo era essentially committed operational aircraft
engines and those both under development and on the drawing boards to use high-quality fuel during their
lifetimes. Because of the ready availability of such fuel at that time, the specifications were not

4 optimized using sensitivity tradeoffs relating the values of key fuel properties to the operation nd
g



performance of engine components and systems. Few such tradeoff studies had either been conducted or
documented. As a consequence, there is concern that in the light of today's economic and energy

situations, the established fuel specifications might be too rigid: possibly limiting the availability
of the jet-fuel supply and contributing to its high cost. In 1982, the price of a gallon of jet fuel

supplied to the Air Force had been escalated to $1.30; the annual bill for the 95 million barrels used

was over five-billion dollars (Reference 2). There is also concern that portions of the specification
might be too loose and need to be made more restrictive; this type of change might again tend to limit
fuel availability and increase its price.

Consequently, for several years the Department of Defense has been sponsoring fuel-accommodation
investigations with gas turbine engine manufacturers and supporting organizations to quantify the effect

of changes in fuel properties and characteristics on the operation and performance of military engine

components and systems. Inasmuch as there are major differences in hardware, between the operational

engines in the Air Force and Navy inventories, due to differences in design philosophy and requirements,

efforts were initially expended to acquire fuel-effects data from rigs simulating the hot-sections of

these different engines. Correlations were then sought using the data acquired to produce more general,
generic relationships that could be applied to all military gas turbine engines regardless of their

origin. Finally, models could be developed from these correlations that could predict the effect of

fuel property changes on current and future engines.

This paper describes some of the work performed by Pratt & Whitney Aircraft under Defense
Department-sponsored fuel-effects programs. The experimental work was conducted using hot-section
components from the FlOO, TF30, and TF33 engines. The analytical effort incorporated data obtained from
tests of these components as well as data obtained by other investigators from rig tests of their engine
hot-section components. Reference has been made in the text to contractor reports in which the
experimental results and data cited in this paper have been taken.

2. TEST PROGRAMS

Two test and evaluation programs were conducted to determine the impact of jet fuel property
variations on the ignition and performance/durability characteristics of three combustion systems used
in current operational military aircraf . One investigation addressed the FlOe engine, which is used in
the Air Force's F-15 and F-16 aircraft, and the TF33 engine, which is used in the Air Force's B-52H,
C-135B, C-141 and E-3A aircraft. The other investigation addressed the TF30 engine that is used in the
Navy's F-14 aircraft. Both programs were performed using test rigs comprised of engine combustion
system hardware.

Tests were conducted at conditions that closely simulated th.e of the three engines under
investigation using the experimental fuels that are described later. Ignition tests were conducted for
both sea-level (groundstart) and altitude (airstart) operation over a range of fuel temperatures. For
the airstart test program, simulated altitude conditions were selected from windmilling maps of each
engine; these maps are shown In References 3-6. Performance tests were conducted at four simulated
power settings. Rig test conditions are shown in Table 1. For the FlOO and TF30 rigs these settings
corresponded to idle, cruise, takeoff and dash. For the TF33 rig, the settings corresponded to idle,
takeoff, and two cruise conditions; a second cruise condition was substituted for the high-altitude dash
because the TF33 is not used in fighter applications.

Table 1. Nominal Operating Conditions for Performance/Durability Rig Tests J
Inlet Air Inlet Air Inlet Airflow

Rig Condition Temp, K Press, kPa Rate, kg/s

TF30 Idle 440 370 2
Takeoff 750 1790 6
Cruise 620 900 3
Dash 790 1560 5

F100 Idle 490 450 4
Takeoff 700 1160 8
Cruise 810 1470 10
Dash 900 1480 10

TF33 Idle 360 210 2
Takeoff 550 430 4
Cruise 1 600 530 4
Cruise 2 660 1260 10

3. COMBUSTOR RARDWAXE

Five mainburner test rigs were used in conducting the experimental programs. A 90-degree sector
rig was used for determining both ignition and performance characteristics of the F100 combustor. Full
sets of cans, in annular arrangements, were used for ignition testing of the TF33 and TF30 combustors;

performance testing was accomplished using single cans.

The PIeS burner rig consisted of a diffuser case, an instrumented combustor, and four,
engine-quality airblast fuel injectors. The rig was fabricateu by cutting the appropriate sector from
an engine diffuser case and combustor and attaching louver-cooled sidewalls to both. The engine burner
is shown schematically, in cross section, in Figure 1. The liner was instrumented with chromel-elumel
thermocouples distributed axially and circumferentially to acquire temperature gradient data for
estimating combustor liner life. A detailed description of the rig is provided In Reference 4.



Two rigs were used in the TF33 test program. The ignition rig was comprised of eight cans joined
together with dome-located cross-over tubes in an annular arrangement within an engine case; each
combustor was equipped with six pressure-atomizing fuel injectors. Engine igniters driven by engine
exciter boxes supplied the energy and spark rate for ignition to two of the cans. The performance rig
consisted of a single instrumented can, equipped with fuel injectors, mounted in a containment vessel
that simulated a 4S-degree segment of the engine case; and an inlet duct and transition duct constructed
from actual engine hardware. The combustor can, shown in Figure 2, was instrumented with thermocouples
and small-diameter tubes to obtain liner temperatures and static pressures, respectively. The combustor
rigs are described in detail in Reference 4.

Two rigs were also used in the TF30 test program. The ignition rig was comprised of eight
interconnected cans in an annular arrangement within an engine case; each combustor was equipped with
four pressure-atomizing fuel injectors. Two of the cans were adapted with engine igniters driven by
exciter boxes that simulated the energy and spark rate of the engine system. The performance rig, shown
in Figure 3, consisted of a single instrumented can equipped with fuel injectors, mounted in a case,
with inlet and transistion ducts, simulating one-eighth of the full-annular flowpath of the engine. The
combustor liner and transition duct were instrumented with thermocouples to obtain information from
which liner life could be estimated. In addition, the can and transition duct were fitted with
small-diameter tubes for obtaining liner static pressure measurements. The combustor rigs are described
in detail in References 3 and 5.

4. TEST FUELS

A total of 21 liquid hydrocarbon fuels in three categories were selected for use In the
fuel-effects programs. The first category was comprised of jet fuels made to military specifications
from both petroleum and shale oil. These served as referee fuels primarily to establish baseline values
of combustor operating characteristics. The second category consisted of two sets of nonspecification
fuels produced from petroleum. These fuels were blends of refinery streams that were proportioned to
exhibit pronounced variations in values of selected properties. The properties addressed were those
that were predicted to most significantly influence combustor ignition and performance. The. third
category included blended fuels that were prepared primarily to represent reduced-quality Fetroleum
refinery products or emergency fuels. These were incorporated into the programs primarily for their
holistic impact.

Six fuels were included in the first category. Two were produced to JP-4 specifications and four
were made to JP-5 specifications. One of the JP-4 fuels and one of the JP-5 fuels were prepared from
oil shale; the remainder were prepared from petroleum. Representative properties of the referee fuels
are shown in Table 2 relative to JP-4 and JP-5 specification values; detailed property information is
provided in References 3-6.

Table 2. Selected Properties of Referee Fuels

Fuel Reference No. 2-1 2-2 2-3 2-4 2-5 2-6 2-7 2-8

Fuel Type JP-4 JP-4 JP-4 JP-5 JP-5 JP-S JP-S JP-S
(Spec.) (Shale) (Spat.) (Shale)

Hydrogen Content. 13.6' 14.54 14.39 13.5 13.93 13.79 13.81 13.59
% wt

Aromatics Content. 25.0"
t  

11.1 10.1 2S.0"* 1S.9 1.@ 22.6 24.0

% Vol

Viscosity, 2/s - 0.97(294K) 1.28(294K) 8.5(253K)"* 2.29(289t) 1.95(311K) 2.04(289K) 2.00(289K)

Specific Gravity 0.71-0.802 0.760 0.781 0.784-0.04S 0.615 0.817 0.809 0.507

at 2889

initial Boiling 293 273 - 431 454 450 49

Point, K

10L Recovery Temp. K - 358 400 478" 470 472 466 467

201 Recovery Temp, K 418
*  

374 421 - 474 471 469

S0. Recovery Temp. K 463
*
" 431 458 489 482 480

901 Recovery Temp. K 1"** 49 00 516 516 509 S0S

Bad Point, K 543"* 559 593 S63
*  

539 S34 529 S27

Freezing Point, K 215" 214 214 227"* 227 223 227 227

Flash Point, K - 333' 338 335 339 339

Mest of Combustion, 42.6' 43.401 43.469 42.6. 43.260 43.041 43.100 43.144

NJ/kg

M Ninimum acceptable values
M Naximum acceptable values
n So Vale specified

The second category consisted of eight fuel blends in two sets. The first set contained four
fuels that were selected to exhibit parametric variations in those properties Indicated to Impact
ignition characteristics most significantly. The properties of primary interest in the preparation of
these ignition fuels were viscosity and volatility. Three of the fuel blends were produced to exhibit
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specified variations in these two properties, including one blend for evaluating the significance of the
shape of the front end of the distillation curve. The fourth fuel was selected for evaluating chemical
effects, related to aromatic structure, on Ignition characteristics. The second set of four fuels was
produced to evaluate the sensitivity of combustor performance characteristics to variations in fuel
properties. These characteristics included pattern factor, liner durability, exhaust gas objectionable
emission concentrations, and combustion efficiency at low-power operation. Key properties operated on
to produce the performance fuel blends were viscosity, aromatics content and type, hydrogen content, and
volatility. Pertinent properties of the ignition and performance fuels are shown in Table 3. Properties
of the seven blending stocks that were used in preparing the test fuels, as well as detailed
characteristics of the test fuels, are provided in Reference 4.

Table 3. Selected Properties of Ignition and Performance Fuels

Ignition Fuels Performance Fuels

Fuel Reference No. 3-1 3-2 3-3 3-4 3-5 3-6 3-7 3-8

Hydrogen Content. % wt 14.24 13.44 14.04 12.27 13.44 12.94 11.56 11.50

Aromatics Content, I vol 10.5 27.5 13.8 55.4 20.1 34.7 61.6 45.5

Naphthalene Content, % vol 2.1 0.7 0.7 0.4 2.8 3.8 4.0 14.9

Viscosity, =2/9
239K Solid 3.46 6.74 1.73 8.11 5.60 18.8 Solid
244K 5.56 3.03 5.68 1.50 6.56 4.25 12.6 Solid
273K 2.55 1.66 2.55 0.96 2.83 2.09 4.34 4.93
294K 1.71 1.17 1.71 0.74 1.87 1.46 2.65 2.85
311K 1.33 0.94 1.32 0.62 1.42 1.16 1.93 2.03

T (K) at % Recovered
10 370 395 459 365 432 368 430 470
20 399 422 462 384 452 394 435 481
50 509 456 473 419 482 461 483 522
90 542 499 494 442 522 575 611 581

Specific Gravity at 288K 0.789 0.796 0.801 0.795 0.817 0.814 0.879 0.886

Freezing Point, K 244 216 225 204 226 239 235 253

Flash Point, K 315 319 313 336

Heat of Combustion, NJ/kg 43.287 43.001 43.232 42.560 42.818 42.537 41.212 41.451

The third category was comprised of seven petroleum-base blends. Four were prepared from refinery
streams to be representative of production-type, relaxed-specification jet fuels. The remaining three
were selected to be representative of emergency fuels. One of the emergency fuels was a No. 2 fuel oil;
the other two were blends of nonaviation fuels and specification-grade JP-5. Some of the principal
properties of these fuels are shown in Table 4. Detailed physical and chemical properties of these
fuels are provided in Reference 5. I

Table 4. Selected Properties of Relaxed-Specification/Emergeney Fuels

Relaxed-Specification Fuels Emergency Fuels

Fuel Reference No. 4-1 4-2 4-3 4-4 4-5* 4-6k* 4-7* *

Hydrogen Content, % wt 13.36 13.48 13.66 13.82 13.22 12.83 13.54

Aromatics Content, % vol 28.5 19.8 22.8 18.6 25.9 26.4 18.6

viscosity, =s
2
/s at 311K 1.78 2.27 1.62 1.74 2.60 1.77 2.06

Specific Gravity at 288K 0.830 0.836 0.819 0.817 0.839 0.847 0.830

Initial Boiling Point, K 436 441 444 453 426 466 453

101, Recovery Temp, K 463 500 465 475 491 477 477

90, Recovery Temp, K 549 545 534 537 590 545 570

End Point, K 570 554 549 555 606 561 596

Freezing Point, K 243 249 239 239 270 242 263

Neat of Combustion, NJ/kg 42.648 42.798 42.919 42.961 42.706 42.392 42.873

Flash Point, K 330 344 332 342 346 344 349

* No. 2 fuel oil
" 201 (vol) hydrocracked gas oil + 801 (vol) JP-S

SOC 50L (vol) Diesel Fuel Marine * 501 (vol) JP-5



For ease of identifying the various test fuels throughout the test, all of the fuels in the three
tables have been assigned two-digit reference numbers. The first digit refers to the table number and
the second digit to the reference number of the fuel in the table. For example, the shale-base JP-5
referee fuel in Table 2 is Fuel 2-8, and the emergency fuel comprised of Diesel Fuel Marine and JP-5 is
Fuel 4-7.

5. TEST RESULTS
A significant amount of experimental data was obtained during the conduct of the fuel-effects

programs. No attempt will be made in this paper, however, to present all of the data acquired for the
combustor rigs and 21 fuels investigated; this information is contained in contractor final reports
(References 3-6). The objective of this paper is to provide a condensation of these reports, supplying
representative results from the Ignition and performance investigations. These results includp both
input - output information and correlations depicting fuel-property effects on combustor rig
characteristics.

(a) GROUNDSTART IGNITION

Groundstart ignition testing was conducted over a range of airflow rates to determine the minimum
fuel flow at which stable ignition could be achieved in a given combustor rig. For the can-annular
arrangements, stable ignition was considered attained when all combustors lit within 30 seconds after
fuel flow had been initiated. For the sector burner, stable ignition was considered achieved if burning
was observed directly downstream of each of the four injectors within 30 seconds of fuel initiation.
Prior to each ignition attempt, a common temperature was established for the inlet air, fuel, and test
rig.

The data shown in Figure 4 are representative of those obtained during groundstart ignition
testing. In this figure, results for the FlOO sector burner rig are presented for a simulated cold day
(244K) using the two baseline JP-4 fuels (Table 2) and the four ignition fuel blends characterized in
Table 3. In general, petroleum-base JP-4 fuel lit at the lowest flowrates. The other fuel blends, and
the shale-base JP-4 fuel, lit at higher flowrates. The increases were essentially proportional to the
relative droplet size (RDS) of the fuel, i.e. the ratio of the Sauter mean diameter achieved for the
fuel under investigation, using a given injector, to the Sauter mean diameter obtained for a baseline
fuel when the same injector is used; and the fuel volatility, as represented by the 10% recovery
temperature. As the relative droplet size of the test fuel increased, due to higher values of
viscosity, surface tension, and density, and as the 10% recovery temperature increased, a higher fuel
flowrate, indicative of a higher fuel-air ratio, was needed to effect groundstart ignition.

Figure 5 shows the results of a more general correlation that was developed for predicting
groundstart ignition characteristics. In this case, the combustor was the TF30 and the fuels used were
the referee low-aromatic content JP-S fuel, identified in Table 2 as Fuel No. 2-6, and five of the fuels
identified in Table 4. The fuel-air ratio required for full rig ignition at each of three airflow rates
is presented as a function of a vaporization index, which is defined in equation (1).

(RDS) 2(SC) (1)VI (1)_____

log (I + B)

This equation,described in more detail in the Appendix, contains physical properties of the fuel
both explicitely, as specific gravity (SG) ano implicitely through relationships defining relative
droplet size (RDS) and mass transfer number (B). As the index increases, there Is less propensity for
the fuel to ignite at any given value of airflow rate. Higher values of the index represent heavier,
poorer-quality fuels having, inter alia, higher densities, surface tensions, and viscosities and lower
volatility characteristics. In thi case, characteristics of heavier, poorer-quality fuels were also
achieved by reducing the temperatures of three of the test fuels.

(b) AIRSTAET IGNITION

Airstart ignition tests were conducted to determine the capability of each of the three combustor
rigs to achieve stable ignition at simulated altitude conditions using a variety of test fuels. Stable
ignition in these tests was defined as it was for groundstart Ignition. Altitude conditions simulated
for these tests were selected from standard-day windmilling maps. These maps represent known
windmilling operating regions within the bounds of aircraft altitude and Mach number for the engine
combustors under investigation. The aerodynamic variables involved include flowrate, total pressure,
and temperature of the air entering the combustor rig; flight Mach number, and altitude. By specifying
any two of these variables, the others can be obtained from the windmilling map for the engine.

The fuel-dependent variables include physical and chemical characteristics of the blends being
introduced into the rig, and the fluid dynamical factors that determine the characteristics of the
fuel-air mixture in the vicinity of the igniter. In general, as the quality of the test fuel

- deteriorated, as indicated by increased viscosity and surface tension, and decreased volatility, the
capability of a combustor rig to ignite stably at simulated altitude conditions decreased. Figure 6 is
representative of the impact of fuel properties on airstart Ignition for the TF30 combustor rig at a
temperature of 40 F (278K). The fuels used were a referee JP-5 that was described In Table 2 (Fuel No.
2-6), and five of the broadened-specification and emergency fuels described in Table 4. The referee
JP-5 fuel and the emergency fuel blend (comprised of Diesel Fuel Marine and JP-5) clearly provided the
best and worst airstart ignition characteristics, respectively. Performance of the other fuels lay
essentially midway between the two extremes.

The capability of a combustor rig to Ignite stably also decreased when the temperature of the
fuel, Inlet air, and rig were reduced. In a sense, the fuel viscosity, surface tension, and volatility
were degraded artificially to simulate characteristics of poorer-quality fuels. Figure 7 show$ the
variation in airstart ignition capability with temperature for a TF30 mainburner rig fired with the t



referee JP-5 fuel (No. 2-6) that was described in Table 2. The impact of increasing viscosity and
surface tension, and lowering volatility on airstart ignition characteristics is as pronounced as if
poorer quality fuels were used.

Airstart ignition results as presented in Figures 6 and 7 faithfully represent rig characteristics
for the fuels investigated. However, fuel property influences are not in a form that would enable the
degradation in altitude ignition capability with fuel properties to be readily ascertained.
Consequently, a model was formulated and a correlation developed that did, indeed, allow this to be
accomplished. The model is based on the work of Ballal and Lefebvre (Reference 7) and on the
observation that over a wide range of combustor aerothermal operating parameters, the ignition process
is evaporation-rate controlled. It is assumed that a spark creates a spherical volume of inflamed gas
that, if it is to propagate through the gas mixture, must be of sufficient size that the rate of heat
release within its volume exceeds the heat loss to the surroundings. The radius of the critical volume
is termed the quenching distance and the energy required is the minimum ignition energy.

-or a given combustor design the quenching distance and, hence, the required energy are functions
of , aerodynamic conditions within the combustor, the fuel droplet diameter, and the fuel volatility.
The internal combustor aerodynamics are directly related to flight cnditions, viz. altitude and Mach
number. The droplet size is determined by injector characteristics and by the fuel viscosity, density,
and surface tension. The energy liberated by the igniter varies lightly with the aerothermal
condition, but may be assumed to be constant over the range considered. Therefore, the quenching
distance can be taken as a measure of ignition capability.

The relationship developed by Ballal and Lefebv , (Reference 7) for the quenching distance, was
rewritten to isolate terms dependent on combustor aerodynamics from those dependent only on the fuel.
The aerodynamic grouping, containing terms that vary with altitude and Mach number, is referred to as
the combustor operating parameter, COP, and is defined as

COP = - - (2)

100L
The fuel-dependent variables are collected in the fuel characterization, or correlation,

parameter, FCP, which is defined as

pf(sm) 1.5

FCP - (3)log (I + B)

The combustor operating parameter can be calculated from operating conditions defined on a
windmillng map for the engine in question. Figure 8 shows the variation in altitude with combustor
operating parameter for a TF30 combustc: rig.Ii

To the e:.tent that the ignition scenario and model are valid, there is a fixed relationship
between the values of the combustor operating parameter and the fuel characterization parameter that
will result in ignition. Figure 9 shows such a relationship that was developed from airstart ignition
data for the TF30 combustor rig using three of the referee fuels identified in Table 2. The fuels were
a low-aromatic content JP-5 (Fuel No. 2-5), a high aromatic JP-5 (Fuel No. 2-7), and a shale-base JP-S
(Fuel No. 2-8). The data indicate a linear relationship between the two parameters for each of the four
burner airflow rates investigated. For a particular airflow rate, any combination of the two parameters
falling below the correlation line for a specific airflow rate would indicate a "no-Aight" situation;
any combination falling on or above the line would indicate stable-ignition.

Figures 8 and 9 in combination form a basis for predicting the effect of fuel changes on airstart $
capability. For a given fuel, the fuel characterization parameter is first calculated from fuel
properties and injector characteristics. For this value of the fuel characterization parameter, the
ignition limit of the combustor operating parameter is then defined by Figure 9 at each airflow rate.
Finally, the value of the combustor operating parameter is converted to altitude using Figure 8.

A refinement of the preceding model was formulated to provide a simplified airstart ignition
correlation. Using Figure 8, with a referee JP-5 fuel as the baseline, the change in value of relight
altitude between that resulting from the use of the referee fuel and that resulting from the use of the
test fuel was determined as a function of the fuel characterization parameter for each of the four
airflow rates. Each fuel characterization parameter was then normalized, using the fuel
characterization parameter for the referee JP-5 fuel, to obtain a fuel characterization parameter ratio,
FPR, which is defined in equation (4).

FCP
FPR = (4)(FCP?)j-_

The resulting plot is shown in Figure 10, where the difference in relight altitude for the TF3O
combustor rig is presented as a function of fuel properties and airflow rates. Fuels having ignition
qualities better than those of the referee military-specification fuel are identified by fuel parameter
ratios less than unity, increases in relight altitude above that of the referee fuel are identified by
fuel parameter ratios greater than unity.



The validity of the approach taken to produce Figure 10 was tested using data from airstart
ignition tests in which a number of the fuels listed in Table 4 were evaluated. As discussed earlier,
the fuels in Table 4 were prepared to be fully representative of relaxed-specification and emergency
fuels. Figure 11 presents the results obtained for the specified test fuels relative to the 27,000
lb/hr (3.4 kg/s) airflow rate correlation line shown in Figure 10. The good correlatic achieved for
this airflow rate line was also obtained for the remaining three airflow rate lines.

(c) PATTERN FACTOR

Pattern factor, PF, defined in equation (5), was determined from temperature measurements of the
air entering the performance combustor rig and of the working fluid leaving the rig.

T -T
max,out avg,Cout

PF = (5)T - T
avg',olt aVg, il

where Tmaxout = maximum exhaust gas temperature measured in the plane of
the turbine first-stage vane

Tavg,out = average temperature of the exhaust gas in the same plane

Tavg,in = average temperature of the combustor inlet air

This parameter provides a measure of the quality of the working fluid being supplied by the
combustor to the turbine, which influences turbine durability and performance. The lower the pattern
factor, the greater the durability of the turbine.

The best means of determining pattern factor for an engine is by using the engine itself as the
test bed, In this way, the influences of combustor inlet air distribution, associated with a specific
compression system, and internal aerodynamics, resulting from the interaction of the fuel and air
injection systems, are measurable exactly. Unfortunately, this type of testing is not routinely
possible because of the high costs of preparing for and conducting the tests. In the case of
determining the effect of fuel properties on hot-section performance, engine hardware could be
jeopardized because of the many unknowns involved. Therefore, although engine testing would provide the
best data on fuel-dependent pattern factor effects, combustor rigs, with their inherent deficiencies,
were used to develop relative trends. From these trends, however, the magnitude of fuel effects on
engine hardware can be projected and then engine testing, incorporating automated recording temperature
systems (ARTS) in the first turbine vanes, could be indicated to quantify the rig trends and refine the
preliminary models and correlations.

The trends obtained in pattern factor variations with fuel properties were found to correlate,
generally, with the vaporization index of the fuel, which was defined in equation (1). However, in the
performance-test version of this index, the 90% recovery temperature of the fuel, was used in
determining the relative droplet size and mass-transfer number. Processes within the combustor that
would tend to influence droplet size, penetration, and evaporization and then impact pattern factor were
considered to be more dependent upon the final stages of droplet life than upon the initial stages.

Figure 12 shows a correlation indicating the influence of fuel properties on pattern factor and,
in turn, their impact on the predicted low-cycle fatigue life of a first-stage turbine vane for the
TF30. The data have been normalized to emphasize trends rather than absolute values, which for this
type of rig testing are of little value. As the pattern factor increases, the low-cycle fatigue life is
predicted to decrease as would be expected. However, the impact of fuel properties on pattern factor,
both explicitly in terms of hydrogen content of the fuel and implicitly through vaporization index,
are well depicted. Although the magnitude of the trends observed are not especially pronounced, the
potential impact on turbine life due to the fuel burned is significant. As fuel quality deteriorates in
terms of viscosity and volatility, the resulting turbine performance, in terms of durability, is
projected to deteriorate.

(d) LINER DURABILITY

The life of conventionally cooled combustor liners in operational aircraft engines is generally
limited by cracks in specific louver seam welds caused by low-cycle fatigue. Low-cycle fatigue results
from cyclic expansion and contraction of the combustor liner during engine operation. Crack initiation
occurs at locations in the liner where high stresses exist due to severe thermal gradients. This
location is usually at a seam weld between two adjacent louvers, as shown In Figure 13, where a
relatively large temperature gradient exists between the louver wall and the knuckle. At high-power
operating conditions the stress concentrations in the vicinity of the seam weld can be well above the
yield strength of the material causing plastic deformation with each cycle.

For a specific engine operating condition at which a referee fuel is burned, a thermal gradient is
established between the louver lip and the knuckle causing a bending stress in the seam weld. When a
poorer quality fuel Is substituted for the referee fuel and is burned, the flam luminosity increases.
which Increases the temperature of the louver lip, but not the colder knuckle. The knuckle temperature
remains essentially constant because of the radiation shielding provided by the lip and the temperature
invariance of the cooling air entering the vicinity of the knuckle. Consequently, the increased flame
luminosity Increases the lip-to-knuckle thermal gradient and causes higher stresses in the seam weld.

Estimates of relative liner life were made for the F100 and TF30 combustors using measured liner
temperatures from tests in which both baseline and experimental fuels were burned. To ensure the
achievement of maximum strain in the critical louvers of the liners, the Type I engine cycle (off to max
to off) was used to estimate fuel effects on P100 combustor life, and the Type I and Type Ir engine
cycles (off to max to off with Type II going to supersonic) for the TF30 estimates.



The technique used for the low-cycle fatigue analysis incorporated equation (6) for calculating
thermal strains.

T T (6)

baseline baseline

where At = total strain from burning the test fuelT

at = total strain from burning the baseline fuelbaseline

'IT = temperature differential between seam weld
and knuckle when test fuel is burned

AT . temperature differential between seam weld
baseline and knuckle when baseline fuel is burned

A value of baseline strain was taken from a figure relating the dependence of total strain range
on cycles to failure for the liner material over a range of metal temperatures. Field history provided

information on cycles to failures for the engine combustors.

Figure 14 shows the variations in life for the F100 and TF30 combustors that were estimated using
rig temperature data, equation (6). and the low-cycle fatigue properties of the liner materials as a
function of the hydrogen content of the fuel burned. The abscissa has been normalized by the hydrogen
contents of the baseline fuels used in the test programs for the two combustors. Also shown in figure
14 are variations in predicted combustor liner life with the fuel hydrogen content parameter for two
models of the 379 engine (Reference 8) and for the F10 (Reference 9). All trends are generally the

same; as the hydrogen content of the fuel is reduced, the predicted liner life is also reduced. The
magnitude of the predicted reductions in life are dependent upon the strain model selected the
materials data used, and the baseline information from field experience.

During the conduct of the TF30 fuel-effects investigation, a porous-plug radiometer was installed
in the liner to measure the radiative heat load from the burning of lower-quality fuels. Figure 15
shows the variation in measured radiative heat flux with the hydrogen content of the fuel being burned
at a number of operating conditions. As expected, the thermal radiation contribution to the total heat
transfer rate from the combustion process to the liner increased as the hydrogen content of the fuel
decreased. The significance of the increased thermal radiation load on combustor liner life at
sea-level takeoff conditions Is shown in Figure 16. For a seven percent decrease In hydrogen content of

the fuel, the radiant heat flux increased by 16 percent resulting in a predicted reduction in liner life

of approximately ten percent.

Combustor liner metal temperatures measured in the test programs and used in the durability
analyses were correlated using a liner severity parameter, LSP, which is defined in equation (1).

T -T
LSP =Tmetalmax airin (7)
LSP = gas,

o u t  
ar,n

This parameter is similar in form to that for pattern factor, equation (5). When plotted against

the hydrogen content of the fuel burned, the liner severity parameter Indicates the sensitivity of liner

hot-spot temperature to poorer quality fuels. As shown in Figure 17 for a variety of combustor rigs

operating at sea-level takeoff conditions, as the hydrogen content of the fuel being burned wab

decreased, the liner severity parameter increased. Although the rate of change of this parameter to

hydrogen content was relatively small for all of the combustors considered, the magnitude of the

parameter differed significantly for each.

(e) COMBUSTION EFFICIDTCY

The combustion efficiency for a gas turbine combustor is a measure of the effectiveness in which
chemical reactions between fuel and air are completed within a given volume. This effectiveness is
strongly dependent upon the preparation of the fuel-air mixture. Under high-power conditions, the fuel
Injectors operate in a range where atomization is optimum and rapid vaporization of the injected fuel is
enhanced by high temperatures of the inlet air. At low-power operating conditions, atomization is

generally poorer, resulting in larger droplets being injected; and inlet air temperatures are lower,

resulting in less of the incoming fuel being vaporized.

Poorer preparation of the fuel-air mixture for reaction contributes to an observed lower
combustion efficiency at idle: especially with those engines having low pressure ratios. Intrinsic in
the variables affecting fuel preparation are the physical properties of the fuel. Higher values of
viscosity and surface tension, and lower values of volatility can yield larger, less vaporization-prone
droplets.

The effect of fuel properties on combustion efficiency at the idle power setting was examined
using data acquired in the FlOO, TF33 and TF3O burner Investigations (References 3-6). Data obtained
from other sources were also examined to obtain fuel-dependency comparisons between different combustion
systems (References 10-13). The correlating parameter selected for combustion efficiency at the idle

power setting is the vaporization index, which was defined earlier in equation (1). It is conjectured
that idle efficiency is controlled by the ability of the final portion of the fuel spray (the portion
associated with the upper end of the distillation curve) to vaporize rapidly enough to react before

leaving the combustor. For this reason the mass transfer number in the denominator of equation (1) war



evaluated at the 90% recovery temperature for each fuel investigated. As described in an earlier
section, as the value of the vaporization index increases, the tendency for the fuel to vaporize

decreases. The poorer preparation of the fuel-air mixture contributes to a lower value of combustion

efficiency being obtained.

The vaporization index for each of the fuels tested in a given combustor was normalized by the
value of the vaporization index for that combustor when a referee fuel was burned. Likewise, the value
of combustion efficiency at idle power operation for each fuel was normalized using the efficiency
measured for the combustor in question when the same referee fuel was burned. Consequently, the fuel
effect trends, relative to conventional, military-specification fuels, can be more readily ascertained.
In addition, this technique provided a means to compare the fuel-effects trends for all combustors on a

common basis.

Figure 18 shows the resulting variation in idle efficiency ratio with vaporization index ratio for
rigs representative of combustors in the FlOe, TF33 and J79 engines. These systems were selected as
being typical of high pressure ratio modern powerplants and of more mature, lower pressure ratio

systems. There is very little effect of fuel properties on the efficiency of the FlOe sector burner at
the idle operating condition. The combustor pressure and inlet air temperature as well as the air-blast
fuel nozzles contribute to good fuel preparation and high combustion efficiencies at idle. Over the
range of vaporization indexes for the fuels tested with this combustor (Tables 2 and 3), there 's but a
one-point decrease in idle efficiency attributed to fuel properties. However, for the lower pressure
ratio TF33 combustor, there is a significant decrease in combustion efficiency at idle with fuel
properties. Over the range of vaporization indexes corresponding to the fuels tested (Tables 2 and 3),
the idle efficiency was observed to change by seven points. The effect of fuel property variations on
preparation of the fuel air mixtures is significant. It is interesting to note that the correlation

obtained for the J79 combustor can is essentially identical to that obtained for the TF33 can, even
though the fuel blends evaluated in each were different. The fact that the results shown in Figure 18,
for the J79 and TF33 were so similpr indicates that the processes controlling mixture preparation and
reaction in each were essentially identical and predictable through the use of the vaporization index.

(f) SMOKE

During the performance tests, the smoke number of the exhaust gas discharged from the combustor
rigs was measured in accordance with the method described in Reference 14. Of the fuel properties and
relationships examined for correlating the smoke numbers, the single variable hydrogen content of the
fuel provided the best correlation.

The absolute values of smoke number that were measured in the performance rigs can be quite
different from those that might be obtained during engine testing. Experience gained during engine
development has shown this to be true. However, rig data is very valuable for providing information on
relative changes and in indicating trends. Therefore, the smoke data obtained during the fuel-effects
programs for the FlOe, TF33, and TF30 combustor rigs (References 3-6), as well as the data reported for
the J79, F101, and TF41 combustor rigs (References 10-13), were operated on and are presented in Figure
19 in a form showing the tendencies of the different combustor rigs to produce smoke as fuel quality is

reduced. In combination with actual engine smoke data, Figure 19 can also be used to estimate the
increase in engine smoke number resulting from the use of poorer quality fuels.

To develop Figure 19, the smoke data for the different combustor rigs, operating at simulated

sea-level takeoff conditions where smoke production is greatest, were first linearized against the
hydrogen content of the fuel used. The smoke numbers measured when the various fuels were burned in a

given rig were normalized with the smoke number that was obtained when a referee fuel was burned. The
referee fuel selected for developing Figure 19, for all combustors except the TF30, was
military-specification JP-4 fuel that contained 14.5 percent hydrogen. For the TF30 combustor, the
procedure was somewhat modified because the referee fuel used was military-specification JP-5 that had a
hydrogen content of only 13.79 percent. In this case, the linear relationship between smoke number and

hydrogen content was extrapolated to a hydrogen content of 14.5 percent, and the smoke number
corresponding to this value was used as the normalizing base for the TF30 rig results.

As shown in Figure 19, the rate of increase in smoke number with decreasing hydrogen content is
essentially the same for the 7F41, TF33, FlO, and F101 rigs. However, the rates for the TF30 and J79
rigs are more than twice as great. These trends are the result of the different design features that
have been incorporated Into the combustors.
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8. APPENDIX

Vaporization Index (VI)

The vaporization index (VI) is defined in equation (1') as

(RDS) 2(SG)VI = (1')

log (1 + B)

and contains the three principal variables relative droplet size (EDS), specific gravity (SG), and
mass-transfer number (B).

The relative droplet size, is defined in equation (2') as

SKD

RDS - (2')(SMD)referenc
e

and is the ratio of the Sauter mean diameter of a fuel obtained under a given set of operating
conditions. For pressure-atomizing fuel injectors, for example, relative drop size has been
estimated using relationships from Reference (16), which has been simplified to the expression
shown in equation (3')

0.6 0.2

= [.](3')
Oref ~ refJI:

where 0 = surface tension
V f kinematic viscosity
ref = reference

Similar relationships can be developed for air-blast fuel injectors (Reference 17).

The mass-transfer number (8) is defined in equation (4') as

B (mo,g H/r) + c (T - Ts)
B 1( ' 1



where mo,g = mass fraction of oxygen

H = heat of combustion

r = stoichiometric ratio

c - specific heat at constant pressure

T9 = combustor inlet temperature

T, = recovery temperature; 10% recovery point for ignition and
90% recovery point for combustor efficiency and pattern
factor

Q = heat conducted from gas per unit mass crossing the phase
boundary, as defined in equations (5' and (6') which i the
sum of the latent heat of vaporization and the increase .ii

enthalpy between the base temperature and the surface
temperature

Q = L * c1 (Tg-To ) (011

Q = Lo + cvap (Ts-To), (6)

where L lptent heat of vaporization at droplet surface

cI  specific heat or liquid

T, = surface temperature of liquid

cvap . specific heat of vapor at constant pressure

Lo  = latent heat of vaporization at To

Figure 1. FIO Combustion Section Flow Path Figure 2. Instrumented TF33 Combustor Can

AIRFLOW - c9/v

Figure 3. TF30 Can-Annular Ignition Rig Figure 4. Cold Day (244K) Groundstart
Ignition Characteristics for the
F1O0 Sector Burner Rig
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DISCUSSION

J.Vleghert
You mentioned effects of fuel temperature on several characteristics of combustion: is there also an influence on
smoke production"

Author's Reply
An increase in the temperature of a fuel that is injected into a combustion chamber should, in general, serve to
produce a lower level of smoke in the exhaust gas. The elevated temperature, in essence, increases the volatility
of the fuel. Enhanced volatility has been demonstrated to assist in the suppression of smoke and carbon deposition.

C.Moses. US
You have had considerable success in developing a parameter for fuel properties for use in correlating engine
performance characteristics. lave you done any work in trying to include engine design characteristics so that
many engines can be correlated together into one model?

Author's Reply
We have been successful in correlating characteristics of specific engine burners using the parameters described in
the paper. We have not yet developed a unified parameter that would apply to a wide range of gas turbine engine
burners.

J.Peters, US
In regard to the question of extending your correlations (particularly for ignition) of fuel effects to include different
engines, I believe it can be done by including air mass flow rates and geometry with reference velocity and fuel
injector effects with drop size correlations. This is illustrated for ignition, lean blowoff and combustion efficiency
in Paper No.32

G.Winterfeki, Ge
The two parameters used, vaporization index VI and fuel characterization parameter. FPC, look quite similar,
with the exception of the exponent of drop size. Can you comment on that difference in the two parameters"

Author's Reply
The fuel characterization parameter FCP, defined in equation (3), was formulated for predicting altitude ignition
characteristics from the quenching distance relationship of Lefebvre and Ballal (reference 7). The value of
(SMD)is, which appears in their basic equation, has been maintained per se. The vaporization index VI, as
defined in equation ( I), was developed for groundstart ignition, combustion efficiency, pattern factor and lean

blowout from a relationship relating droplet lifetime to the square of the droplet diameter. In the derivation,
the single droplet diameter term was replaced with SMD for a droplet array and was normalized using the value of
SMD for a reference fuel. Therefore, the expression for VI includes an SMD ratio rather than an absolute value
(as in the expression for FCP), and the exponent of the ratio has been maintained as a square term. The exponential
difference between 1.5 and 2 is small; however, the terms being raised to the different powers are quite different.
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SUMMARY

The effects of potential broadened specification and alternate source jet fuels on the performance of small gas turbine combustors are
presented. The review is based primarily on the results of a AFWAL/CDND/DRIE/P&WC" sponsored-esearch program to evaluate the
performance of a small 'can' combustor and two reverse-flow-annular combustors with fifteen different fuels. The fuels represented
variations in several key characteristics such as hydrogen content, aromatics, viscosity, boiling range, volatility and thermal stability.
Alternate source fuels included oil shale and tar sand derived fuels. Results of property changes on performance parameters of the 'can'
combustor, such as life, starting and stability characteristics, exhaust emissions and smoking tendencies, are discussed. -.

NOMENCLATURE

Ac Cross-sectional area of combustion liner
FN Fuel nozzled Flow Number = Wf I - A Pf
K, K1 Empirical constants
K2, K3

Mc Air velocity parameter

P3 Combustor inlet pressure
T3 Combustor inlet temperature
Tf Fuel temperature

VC Combustor volume
WC Combustor air mass flow
Wf Fuel flow rate, pph
A Pt Fuel nozzle pressure drop, psi
of Fuel surface tension

Yf Fuel kinematic viscosity
Qc Air loading parameter
SMD Sauter Mean Diameter

INTRODUCTION

Almost all projections during the past decade have forecasted reduced availability and increased cost of petroleum crudes. There have
recently been some surpluses in oil supply and reductions in oil prices, but the long term scenarios (1,2,3) still appear valid. These forecast
continued decline in th- world supply of high quality petroleum crudes and increasing demand for middle distillate petroleum fuels. On
the aviation fuels scene, broadened specification fuels are being considered to ensure increased jet fuel yield from conventional sources
and, in the long term, permit the use of jet fuels derived from oil shale and tar sands.

Accommodation of lower quality jet fuels will necessitate investigation of effects of fuel property variations on operation of gas turbine
combustion systems. There is now a significant data base on the impact of fuel property changes on the performance of large gas turbine
engines. These are in commercial and military applications (4-6) which mainly have straight through, highly loaded annular combustion
systems. However most small aviation turbine engines used for helicopters, business jets, general aviation and auxiliary power units
employ can and reverse-flow annular combustion systems of moderate loadings and relatively high surface to volume ratios.

Investigations on small combustion systems have recently been conducted by Pratt & Whitney Canada under partial sponsorship by U.S.
Air Force Wright Aeronautical Laboratories (AFWAL) and the Canadian Department of National Defence (CDND). T hese
investigations have aimed at identifying and quantifying the impact of fuel properties on performance of a can combustor and two
reverse-flow annular combustors (PT6 and JTI5D). Investigations have included simulated operation of combustors for typical
turboprop and turbofan cycles and use of several types of fuel injectors. This paper summarizes results of investigations on the can
combustor system using fifteen different fuels and four different fuel systems.

BACKGROUND

Economics and supply will play a major role in determining the source mix of future jet fuels. While petroleum will continue to be themajor source of jet fuels in the near future, non-petroleum sources are expected to become an increasing part of the source mix, and insome countries or regions assume the role of major source by the turn of the century. Alternative fuels will initially be broadened

specification petroleum-based to increase the yield of high grade fuel per barrel of crude. Eventually, jet fuel specifications will likely be
adapted to production from a combination of petroleum and non-petroleum sources, subject to constraints imposed by engine designs
and environmental impact.

"- Air Force Wright Aeronautical Laboratories/Canadian Department of National Defence/Department of Regional Industrial
Expansion/Pratt and Whitney Canada.



Table I shows comparison of current Jet A and JP4 fuel specifications. Also shown are specificatiols by NASA for ERBS (Experimental
Reference Broadened Specification) fuel with relaxations in aromatics hydrogen content, flash point and freeze point limits.

Table I: Comparison of Jet Fuel Specifications

Jet A-I JP4 ERBS

Aromatic content (% vol.) 22 (reportable 25) 25 max. 35 typical
Hydrogen content (01o wt.) 13.5 typical 14.2 typical 12.8 ± .2
Flash point (K) 311 min. - 311/321
Freeze point (K) 233 max. 222 max. 244 max.

Investigations on large engine combustion systems (4-6) have examined effects of property changes of the type shown in Table I on
performance, emissions, and durability. The major fuel effects were identified as follo'As:
- Lower hydrogen to carbon ratio and higher aromatics result in increased smoke, carbon and heat load to liner walls
- Higher fuel bound nitrogen leads to higher nitrogen oxide emissions
- Higher viscosity adversely affects atomization and starting
- Lower volatility can affect starting and low power combustion efficiency
- Reduced thermal stability may lead to contamination of fuel systems

To determine the magnitude of fuel effects on small combustion systems, the fuels listed in Table 2 were used. Fuel blends with reduced
hydrogen contents were obtained by blending base fuels (Jet A-I and JT4) with high aromatic 2040 solvent. Shale JP8 (AFWAL
supplied) was prepared from oil shale and has properties similar to Jet A-I; JP- 10, the high energy fuel was supplied by AFWAL, ERBS-3
by NASA, and the four tar sand blends by CDND. The initial L or H for the tar sand fuels signifies low, or high final boiling point; the
final L, M or H signifies a (relatively) low, medium or high hydrogen content. L-H blend is from a tar sand stock called "kerocut" with
boiling range of boiling rang! of 473-573K, while the H-M, L-M and L-L fuels were produced by blending kerocut with gas oil side
stream having boiling range of 473-623K. The final blend was between JP4, diesel and 2040 producing fuel with 13.01 0 hydrogen
content.

Table 2: Properties of Test Fuels

Surtace
Kinematic Tension

Hydrogen Aromatics Naphthalene Viscosity tDynes/cm) @ Distillation Net Heating
wt. We vol. 070 Content 070 vol. (cSt) @ 294K 298K Range (K) Value (MJ/kg)

Fuel (ASTM D3701) (ASTM D1319) (ASTM D1840) (ASTM D445) (Capillary) (ASTM D86) (ASTM D1405)

Jet A-I 0 13.76 19.7 0. 1.65 25.4 442-517 43.17
Jet A-t/B1 ( 12.88 30.2 9.2 1.62 26 2 446-539 42.80
Jet A-I/B2 4) 12.04 41.7 17.3 1.70 27.0 447-545 42.47
Shale JP8 0 13.82 21.1 0.6 1.70 25.1 448-521 43.20
JP4 C] 14.2 14.5 0.3 1.00 22.5 334-492 43.46
JP4/BI [] 12.86 30.2 t 1.0 1.07 24.1 337-536 42.85
JP4/B2 10 11.93 42.5 17.6 1.18 23.9 331-541 42.47
JP4/2040/Diesel 0 13.01 28.3 10.7 1.60 23.4 341-602 42.94
ERBS-3 7 12.95 29.1 12.5 2.55 27.2 460-602 43.07
Diesel V 13.05 31.9 7.8 4.53 26.3 464-619 43.21
JPIO V 1 1.88 0 0 3.26 32.1 451-468 42.81
Tar Sands L-H A 13.38 29.1 1.0 2.55 26.4 444-556 42.93
Tar Sands L-M A 13.17 37.2 1.3 2.53 26.6 447-561 42.84
Tar Sands H-M A 13.21 33.4 1.7 2.77 26.8 445-584 42.80
Tar Sands L-L A 13.03 41.8 1.6 2.67 26.2 455-558 42.70

Over a thousand tests were conducted with a can combustion system using the above fifteen fuels. Detailed results of the test activity are
contained in Reference 7; the paper gives a summary review of significant fuel effects on the performance of the can combustion system.

COMBUSTION SYSTEM

Bulk of published data on fuel property effects pertains to large engine combustion systems (4-6). Although some of the trends can be
expected to be similar, there are significant geometric and aerodynamic differences which may cause small engine combustion systems to
react differently to fuel property changes. Most small gas turbine engines are equipped with centrifugal compressor stages, to which
reverse-flow (or folded) annular combustors are more suited, Figure I. The relatively high surface to volume ratios encountered in
reverse-flow configurations require larger amounts of liner cooling air than for axial-flow annular combustors common with large
engines. Also, cost and weight constraints generally lead to simple fuel injection systems, which render high combustion efficiencies at
low power more difficult to attain. The lower idle combustion efficiencies substantially increase the amounts of CO and THC emissions,
Furthermore, fuel nozzle contamination and blockage may result due to the small orifices involved, especially when lower grades of fuel
are being used, and these may affect the quality of exit temperature distribution. Also, the folded transition duct between the combustor
and the turbine inlet vane further complicates the tailoring of combustor exit gas temperatures because of the sudden contraction of flow
area.
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111 5D turbotan

Fig. I: Typical Small Engine (olnbust ors

Three types of combustors were chosen for the study: cancombustor, PT6 and JTI 5D. The first phase of the program involved tests with
the can combustor which enabled a cost effective and relatisely rapid investigation of performance over a wide range of operating
parameters. The can combustor ',as approximately 8 cm in diameter and 15 cm long with four cooling louvres located one each in the
primary and intermediate zones, and two in the dilution zone, Fig. 2. A single fuel nozzle was mounted axially at the combustor head
where tangential entr\ holes provided swirling air to the primary zone. Four types of nozzles were tested with the can combustor to stud,
the effects of fuel preparation (Figure 3); the simplex and duplex nozzles were pressure atomizers which use the fuel pressure drop to
atomize the liquid into a fine spray. The airblast nozzle utilizes the energy of air flowing through the nozzle core to shear the relatively
slow moving fuel into very small droplets. The vaporizing nozzle is a simple tube in the combustor, which allows transfer of thermal
energy from the hot primary zone gases to the incoming fuel, thereby creating a rich vapor which enters the combustor through a small
swirler and a mushroom shaped outlet.

ft 2
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Fig. 2: Can Combustor System Showing Liner Thermocouple Locations
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Fig. 3: Hiuel Nozzles Used in Can Ccmibustor Tests

The second phase ofthe test program evaluated PT6and .ITISD combustion systems. The PT6A-65 combustor, used in small turboprop
engines (1020 KW), is designed for 10:1 pressure ratto and 1310K turbine inlet temperature (TIT). The JTISD-5 combuSt07, used in small
turbofan engines (12.9 KN thrust), is rated at 12.1:1 pressure ratio and 1254K TIT. The geometrical characti~ristics of the three
combustors are! tabulated in Table 3. Table 4 summartzes the tests conducted on the three combustion systems.

Table 3: Gieometrical Characteristics of Combustion Systems

Can PT6A-65 ITISD-5
combustor combustor combustor

Surface- to-% olume ratio (m - 1) 67 57.2 39

(ombustor loading 573* 584 445
(SI-To) (W/m 3 /Pa) 337-

Pressure drop I P /P) To 2.5 2.4 2.5

Number (if nozzles 1 14 12

11M15o Thrust Simulation JT151))
ii[W)'i Power Simulation IPT6)

rable 4 Iypes of Combustion rests

1 0 V4 5' V ,S o' c -

fiX 0m'111 
5
t.

5
l 1. . -0 .



i. ire 4 shots a cros, section of the can combustor rig. Combustion efficiency, gaseous emissions and smoke "ere monitored with a
nlulti-point sampling probe in the c\ plane of the combustor. The quartz window at the back end of the rig prov.ided direct obscration
of flane behasiour both during stead% state and transient performance iests. A transpiration radiometer probe " as used to measure
prtmart /one flarne radwaton 18). ( oibuqtor nlca] temperatures were measured "wjih I welte I hermocouples. localions ot hich "ere
deternined b\ Ihernal painl tests at tc heygining of he test progran.

Exhaust Prob4

Radiometer Probe - "!i
Fuel Nozzle

Quartz
, Window

Igniter

I ic. 4: (an ( ombustor Rig Test Section Assembl

To accommodate the geomnetrical differences between the can combustor and the reverse-flo, (PT6 and iTI5D) combustors, two
modelling parameters were used to define the can combustor rig air flows s, hich simulated actual conditions on the full engine. The "air
loading parameter" simulated emissions at low power and the "air selocity paraneter'" simulated general performance at high power.
These parameters are defined as follows:

K1 Wc
"air loading parameter" "/" ' = p3.

P3
1 8 eT3/K2 vC

K3 Wc 1'3
"air elocit, parameter" Mc - - P3 Ac

itus tite air nass flow for the call combustor rig tests "as determined from the modelling parameters, while inlet pressure, temperature,
and okcrall fuel-air ratio were kept the same as in the engitne. Fuel flows "ere adjusted according to the net heating value of the test fuel

relative to that of Jet A-I.

Steady-state performance tests wcre performed simulating five conditions on the turbofan (JTISD) cycle and three conditions ott the
turborrop (PT6) cycle. At each condition gaseous emissions, smoke and liner skin temperatures were measured. Lean-limit tests were
perfo,mcd at four airflows bracketed around a (JTISD) ground idle condition, while ignition tests were performed at at airflow
simulating engine cranking speed and temperatures (air and fuel) between 289K (520'R) and 241 K (435'R). Additional parametric tests
were performed with four types of nozzles to evaluate the effects of inlet pressure and fuel-air ratio on gaseous emissions, smoke, liner
skin terttperaltires. and flame radiation.

IMPACTS OF FUFl. PROPERTY CHANGES

I incr stability: Figure 5 shows the impact of fuel properties on lean blow-off limits at air flows orresponding to idle condition. The test
data hate been presented under four groups: Jet A-I (0), JP4 ([]), Diesel (V) and Tar Sands (A), Tabl 2. There is a fairly strong
rltrrttship between lean blow-off limits and volatility of the fuels, Lxpressed as 10% recovery temperature (TI0); this behaviour can be
,'rnlhiled to slower vaporization of higher boiling range fuels rendering them more unstable at equivalent fuel flows. However between
1 I 11'4 fuels and their blends, there are only small stability changes. The relationship of lean blow-off limit with hydrogen content

t s catter indicating other properties playing a role; by far the best correlation is with respect to relatise droplet size of
',l tllzer . defited as SMDi/SMI) JP4 where,

S V D = K f 'S f.2 W f 2 5

SMO =
A pf. 4

- I:. a ,tir,n correlating effect of fuel properties through their influence on fuel droplet size. Thus fuel viscosity.
11 0[ LIsv lean blow-off limits. Tests witt an airblast injector showed similar trends with fuel properties,

- ' .. '.!' rutilt "ere considerably higher, i.e. the combustor was less stable. The lean blow-off limit is normally
t- ,, htemi front the combustion process to achieve adequate evaporation and initial pyrolysis of the

l m, i, not adequale for completion of the combustion process. Since both the fuel composition
twiantion and csaporation. variation in stability limits seen in these results in not surprising.



Ignitioti Ilerforniance: Thle ignition characteristics are critically intluenced b , esaporation of the fuel producing a local fuel-air mixtuire
capable of immediate ignition and sustained combustion. The factors that can he expected to affect ignition include pressure and
tettperature of rutle[ air, fuel temtperature %%hiclt affects density attd s scosit%. and fuel Properties influencing volatility,. i.e. distillation
temperature dsrbto.Into efmaiccan bchrteidbyhemnum light-oft temperature, minimum light-off fuel-air

ratio1 antd tirtue to light.

Table 5 and I igures 6-7 describe light -off' characteristics as a functiott of relatis c fuel properties, for t sso pressure atom izintg ttoi/les. In
ithe case of tlte fine (0.9 F-N) injector, satisfactrN ignitiott Aas demonstrated dossn to rig limited temperature of 242K (435- RI; hosseser
both the mintimumn light-off fuel-air ratio and tine to light ssere affected by fuel properties, Figure 6. The more significant effect appears
to be ssitt titie-to-ligl. Table 5 attd Figure 7 sltoss light-off performance with the coarse (311 IFN) fuel nozzle, strong dependence being
apparet ott solatility. relatise droplet size and only poor correlation with hydrogetn cotntentt. The data pros ides es idence of the
sigititicance of' atomni/aiiott characteristics attd properties affecting s aporization of the fuel.
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Table 5: Minimum Light-Off Tempetatures (Wa 0.023 kg./see; Max. Wf 5.4 kg/hr.)

-Injector I Injector 21
10.9 [N pressu-e 1.t FN pressure

atomizing atomizitng
Fuel K (- R) K (*R)

Jet A-I < 2421(435) 261 1470)
Jet A-1,B2 <c242 (435) 269 (485)
-(P4 < 242 (435) < 242 (435)
JP4/B2 < 242 (4351 261 (4701
Tar Sands ([-H) < 242 (435) 276 1497)
ERrIS-3 < 242 (435) 265 (477)
311( < 242 (435) > 288 1520)



Combustion Efficiency and Gaseous Emissions: Steady state combustor performance was measured during operation simulating
turboprop (PT6) and turbofan (JTI5D) cycles and typical test data are shown in Figures 8-11. Both CO and THC emissions wsere affected
by fuel changes, impact apparently of differences in atomization and evaporation of the fuel. Figure 8 shows impact of fuel properties on
combustion efficiency while simulating idle condition on the turboprop cycle. In spite of considerable scatter, trends are toward lower
combustion efficiency with reduced hydrogen content and volatility. However, there is a relatively strong correlation between combustion
efficiency and relative droplet size of the pressure atomizer, indicating strong effect of fuel viscosity and surface tension.
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In general, (he emission index of rHC at idle revealed poorest correlation with hydrogen content; howeser better correlations were
obsersed at higher power simulations. Figure 9. This indicates a major role of atomization and mixing on THC and O emissions. .t
higher operating pressures, such mixing is more easily achieved and changes in rHC and CO emissions are then purely a function of luel
chemistr.. Figure 9 also shows the impact of injector geometry, the poorly optimized vaporizer showing relatiseIN high THC and ( ()

emissions.

I jeUrsC 10 and I I show, impact of fuel properties on NO\ emissions at take-off and idle respectisel,. Published data reseal a senmi it,
of Nt) x etmission, to the fuel composition, the emissions generally increasing with reduction in the hsdrogen conent of tie tuel. [hi'
trend suggest that ile increased flame temperature with reduced h.drogen content is the goerning mechanism. Test data fron the
present progrant hoses er indicate that take-olf NOx emissions with a pressure atonizer are largel% insensitis e to fuel properties,

tFigure I0. Idle NOx emissions, Figure I1, decrease with reduction in hydrogen content, which is probab the impact of lower reactioi
/otie tcntper :!urcs resulting from decreased combustion efficiencies at idle. Comparison of fuel nozzles showed no consistent NOx
[rend, with isdrogen conteIt. Data front other engines however indicates that the trends are influenced by combustor design: for
example. .185 combustion systems with pressure atomizers appear to show only a poor dependence of NO x emissions with hydrogen
cottent, shere as the 101 combustion system with airblast atomizers has a much stronger influence of hydrogen content (6).

Smoke Emisiot,: Most published literature on broadened specification fuels reports an increase in the smoke levels when fuel
hdrogen contei is decreased. However there are differences as to whether hydrogen content is an adequate parameter for correlating
stmoke forming tendency of a fuel (3).
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I igure 12 shons %ariatIion of ttea.u red snmoke ntntber at take-off using t he pressure atomizer: while the general trend indicates increased
,tnoke as hsdrogen c:ontent is decreased and aromnatic content is increased, there is considerable scatter in the data. Further analysis
indic:ates possible impact it naphthalene content; wsith Jet A- I and 1P4 fuels,, the addition of 20401 solvent raises both aromatic
and riaphithalenc contenits (Table 2) and results in a strong increase in smoke level. However, fuels such as I.-H, H-NI and L-M tar sands
base a relatiselv low naphthalene content accompanying moderately high aromatic content, and these fuels seem to result in smoke level
inc:reases less severe than swith Jet A-I and JP4 blends. Similar]) ERBS-3 fuel with higher than average naphthalene content appears bo
result in higher smoke enmissions. These results appear to indicate the types as swell as overall levels of aromatics are significant, and that
he presence of high concen trat ions of more complex multi-ring aromatic compounds may increase the propensity for smoke formation.
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+igut- I Ihows he effect of fuel injector type on smoke enlissions. Airhlast and % aporizer noi/les result not "oic in loser smoke
eniss ol s, but also appear to be less sensitive to hydrogen content. Ihese trends arc cotsistctn with other published data comparing
pe.]rformance of airblast and pressure atomizing combustion s.stents (6).

Radiation and Liner Metal Tempetures: To evaluate the effect of fuel properties on radiation, measurements of radiation heat flux
were made at two pressure levels using a transpiration radiometer. Figure 14 shows radiant heat flux as a function of fuel hydrogen
content and relative droplet size of a pressure atomizer. Good correlations are apparent with hydrogen content and droplet ratios at high
pressure, whereas at lower pressures relative droplet size has little effect on radiation leels.
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Liner temperature measurements were obtained with 12 thermocouples located on tne cold side of the liner. The liner temperatures, in
general, showed wide variations from test to test, apparently in a random manner. For example, while some liner temperatures appeared
to increase with decreasing hydrogen content at some power settings, the reverse occurred at other power levels. These effects are thought
to be the result of local fuel-air ratios and flame front locations Ieing influenced by fuel properties and operating conditions. Figure 15
shows impact of fuel properties on average liner temperatures expressed as TL - TLjP4 Although the data show considerable scatter, the

TLjP4 - T3
general trends indicate substantial increase in metal termperatures as the fuel hydrogen content is reduced, due mainly to increases in
radiation levels. Also shown for comparative purposes are the engine correlations by Blazowski (9), the dashed lines encompassing data
from five combustors. It does appear from this comparison that there is good correlation between fuel hydrogen content and liner metal
temperature. There is also reasonable correlation with fuel aromatic content, although the purely synthetic JP-10 fuel with no aromatics
results in metal temperatures much higher than petroleum based fuels.
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The following Table shows correlation coefficients describing impact of fuel properties on the above descussed parameters.

Table 6: Influence Coefficients Corresponding to Observed Fuel Property Effects

Combustion Fuel property Linear regression Reference
parameter (Y) parameter (X) equation figure

Lean limit fuel air ratio 10% distillation temp. (K) Y = 2.24) 10 -
5 

X - .0046 5
Lean limit fuel air ratio Hydrogen content (0) Y = 0.0247 -. 00148 X 5
Lean limit fuel air ratio Relative SMD Y = 0.00886 X - .0055
Minimum light-off fuel air ratio 100 distillation temp. (K) Y = 6.85 x 10- 5 X - .0073 6
(Tf = T3 = 241K)
Minimum light-off luel air ratio Hydrogen content (0) Y = 0.0289 - .00055 X 6
(Tf = T3 = 241K)

U Minimum light-off fuel air ratio Relative SMD Y = 0.0135 X - .0055 6
(Tf = T3 = 241K)
Time to light (sees) 100/6 distillation temp. (K) Y = 0.0704 X - 15.8 6
Idle inefficiency (%) 10% distillation temp. (K) Y = 0.0235 X -6.4 8
Idle inefficiency (e) Hydrogen content (%) Y = 11.14 -0.565 X 8
Idle inefficiency (%) Relative SMD Y = 9.10 X - 7.16 8
El - NOx take-off (g/kg fuel) 10% distillation temp. (K) Y = 5.30 + 0.0060 X 10
El - NOx take-off (g/kg fuel) Hydrogen content (O) Y = 5.98 + 0.154 X 10
El - NOx take-off (g/kg fuel) Relative SMD Y = 5.55 + 1.96 X 10
Smoke (SN) Hydrogen content (%) Y = 14.6 - 8.33 X 12
Liner temperature parameter Hydrogen content (%) Y = 0.336 -0.0189 X 15



CONCLUSIONS

Fuel properties such as volatility, viscosity and hydrogen content have significant impact on the performance of the small gas turbine can
combustor tested. The effects are also influenced by the type and performance of the fuel injection system. Investigations using fifteen
different fuels and four different injector types showed the following effects.

" Lean bloA out stability is strongly influenced by fuel hydrogen content and by spray quality. Volatility effects are mixed: for JP4 based
fuels ,olatility appears to have little influence on lean blow out performance, whereas for other fuels volatility has a stronger effect.
Airblast and vaporizer nozzles have worse lean blow out limits than pressure atomizing nozzles.

* Ignition performance expressed as minimum light off fuel-air ratio and minimum light up temperature is strongly influenced by
volatility and by properties affecting fuel atomization. Fuel hydrogen content appears to have a weak influence on light-up
characteristics.

" Steady state performance tests indicate that low end combustion efficiencies are significantly influenced by fuel properties; CO
emissions are strongly influenced by fuel hydrogen content but do not correlate well with relative droplet size and volatility; THC
emissions are strongly influenced by fuel hydrogen content and relative droplet size. Fuel effects on NOx emissions at take-off are
small and within range of repeatability; idle NO x emissions appear to be influenced by combustion efficiency which affects reaction
zone temperatures. Smoke levels are strongly influenced by fuel hydrogen content, aromatic content and atomizer design. The nature
of the aromatics appears to influence smoke emissions as well.

" Radiation heat loads and liner temperatures are strongly influenced by fuel hydrogen content and by properties affecting fuel
atomization characteristics.
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DISCUSSION

K.A.Collin
Can you say what fuel pressure you need for the vaporizer'

Author's Reply
Since a vaporizer does not depend on atomization of fuel, the device can be operated with a relatively small
pressure drop at the final orifice. The device used in the present programme had a characteristic resulting in a
fuel flow (lb/hr) of approximately 4 times the fuel pressure drop in p.s.i., which was in the order of 0.5 psi.
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ABSTRACT

The U.S. Army's alternate fuels program is the responsibility of the Mobility Equipment Research and
Development Command (MERADCOM). The research program on the effects of alternative fuels on gas
turbine engine combustion is reviewed. Experimental programs have primarily concentrated on two areas
of changing fuel properties. bnejthe effects of volatility on combustor performance characteristics such as
ignition and combustion efficiency; and tw the effects of changing fuel chemistry on soot formation and
flame radiation.

Introduction

Uncertainties about future production and supply of petroleum products have caused the U.S. Army, as well as
other organizations responsible for fuel logistics and specifications, to study, in depth, the problems of combustion and
engine performance and durability which are associated with fuel properties. The overall objectives ol these studies
are to develop the data and understanding necessary to consider the following options:

o Relaxing fuel specifications to increase availability
o Use of non-petroleum crude stocks to make "synthetic fuels"
o Temporary use of non-specification fuels in emergency situations.

Further goals are the development of design guidelines for engines which are more fuel tolerant, and the development
of prophetic reference fuels to be used in the specification and qualification of power plants. The Army has these
concerns for all three major engine types: spark ignition, compression ignition, and gas turbine; only the gas turbine
engine and fuels will be addressed here.

The Mobility Equipment Research and Development Command (MERADCOM) has the responsibility within the
U.S. Army for fuel specifications and R&D support for fuel-related field problems. However, the only mobility fuels
for which MERADCOM has responsibility are gasoline and diesel fuel; the primary fuel for Army aircraft is 3P4 (NATO
F-40) which is the responsibility of the U.S. Air Force. Recognizing that the Army has a large inventory of gas turbine
engines in its helicopter fleet, and having encountered some fuel-related field problems in Vietnam, MERADCOM has
established a turbine-fuels research combustor laboratory at its Army Fuels and Lubricants Research Laboratory
(AFLRL) located at Southwest Research Institute (SwRI). This facility enables the Army to conduct in-house research
on combustor performance and durability problems which are related to fuel properties and to assist in the
development and testing of new fuel concepts. The laboratory became operational in 1974 and has been used in a
continuous sequence of programs to study ignition, flame stabilization, combustion efficiency, flame radiation, exhaust
smoke, and gaseous emissions. The scope of fuels has included specification, alternative, and emergency fuels
including synthetic fuels, alcohols and emulsified fuels.

To attain maximum flexibility for fuels/combustion research, the facility was designed as an air-factory to
provide appropriate inlet conditions for the combustor being used. Conceptually any combustor can be plugged in and
operated within the air flow, pressure, and temperature capabilities of the system. The operating envelope is as
follows:

Air flow 0 to 1.1 kg/sec (0 to 2.5 lb/sec)
Air pressure 100 to 1600 kPa ( to 16 atm)
Air temperature (heated) 1500 to 800°C (3000 to 1500 0 F)
Air temperature (cooled) -54 0 C to Ambient (-65OF to Ambient)

Three combustor rigs are currently available.

o T63
o 2-inch
o Disc-in-duct

The T63 combustor is fabricated from T63 engine hardware. As illustrated in Figure 1, it is a single-can
combustor with a dual-orifice pressure atomizer that is instrumented for flame radiation, liner temperatures, and
exhaust emissions. Optical access is provided to view and photograph the combustion event. This combustor is
especially useful in studying ignition, combustion efficiency, flame stabilization, and exhaust emissions; it also
provides a means of verifying the results from the 2-inch research combustor on flame radiation and smoke. Turbine
blade erosion and corrosion studies are also possible in this T63 combustor rig.

The 2-inch research combustor is a high-temperature, high-pressure combustor copied from the Phillips 2-inch
combustor. Figure 2 shows the essential design features including the windows. It is capable of operating with burner
inlet air temperatures up to 8000 C at pressures up to 160 kPa and over a wide range of fuel/air ratio and reference
velocity. This combustor is primarily used for flame radiation studies under high-pressure conditions. It can also be
used for turbine blade erosion and corrosion studies.

The disc-in-duct combustor illustrated in Figure 3 is also a research combustor. Its main purpose is to simulate
the primary zone of a real combustor and provide optical access to study ignition and atomization. Forward light-
scattering techniques have beet, developed to measure drop-size distributions of evaporating fuel sprays.
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Future Fuels for Turbine Engines

Fuel properties of specification fuels can be expected to change for three reasons:

1. a relaxation of certain fuel property specifications which currently limit productio-. in some producing
regions

2. changes in refining procedures to upgrade lower-quality crude oils, generally highe, in aromatics and sulfur,
and to crack heavier crude stocks into light and middle distillate products

3. use of synfuels converted from shale oil and tar sands.

The use of non-specification fuels in emergencies as mentioned previously would most likely imply the use of diesel
fuel or fuel oil either straight or as blending stock to extend jet-fuel supplies.

A number of studies have been reported in the literature on changing crudr iources and refining trends and their
impact on future gas turbine fuels (e.g., 1-3). Generally speaking, petroleum crudes will require more extensive use of
mild hydrotreating to remove sulfur, and of hydrogenation to reduce aromatics andlor increase hydrogen content. Also
there will be an increasing trend towards hydrocracking heavier fractions to increase the supply of middle and light
distillate products. Hydrocracking and hydrogenation will also be used to make distillate from shale oil and tar sands.

The major impact of mild hydrotreating is fuel cost. More severe hydrotreating reduces the lubricity of the fuel
J as aromatics are saturated, and undefined contaminants, which also add to natural lubricity, are removed.

Hydrocracked kerosene is distinguished by significant increases in naphthenes and in tetralin, decalin, and other multi-
ring compounds as naphthalenes become saturated. Fuels from shale oil and tar sands appear to be similar to
hydrocracked kerosene in that relatively large concentrations of tetralin and perhaps decalin are expected depending
on the degree of hydrogenation. The presence of tetralin and decalin in the fuel leads to the formation of peroxides in
the fuel, which can lower the stability of the fuel and cause problems with certain elastomers. Other contaminants
found in shale oil, especially nitrogen, also reduce stability.

Emergency fuels, such as diesel fuel or blends of diesel fuel with aviation fuel, can be characterized primarily as
having a higher end-point and viscosity, a higher freeze point, lower thermal stability, and lower volatility. Data are
presented in Figure 4 for blends ol ?P5 and two different DFM's to illustrate the potential impact on thermal stability,
viscosity, and final boiling point.J4 ) Other possibly significant degradations in the quality of emergency fuels are
reduced hydrogen content, increased aromatics, and increased naphthalenes.
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Impact of Future Fuels on Vehicle Systems

Table I summarizes the initial fuel properties identified above and ider.tifies the area of impact in the
performance and durability of vehicle fuel systems and engines. Only three c the properties, hydrogen content,
viscosity, and boiling point distribution directly affect combustion and will be the subject of the remainder of this
paper.

Table I. Summary of Critical Fuel Properties and
Their Impact on Aircraft Systems

Performance/Durability

Fuel Property Impact Area Problem

Reduced hydrogen content Soot formation Combustor liner dura-
bility Exhaust smoke

Hydrocarbon composition Materials compatibility 0 rings, seals, and
Contaminants diaphragms in valves,

fuel controls, etc.

Lubricity Wear Fuel pumps and
controls

Thermal stability Hot fuel deposits Flow-divider valves
Fuel atomizers

Viscosity and boiling- Atomization and Cold-day ignition
point distribution fuel/air mixing Altitude relight

Combustion efficiency
Gaseous emissions

For convenience, the following technical discussion is organized according to problem areas rather than by fuel
properties. The discussion is a summary of several studies conducted in the AFLRL combustor lab on fuel properties
and their impact on turbine combustion; these studies were either conducted for MERADCO.. or sponsored by the
Navy, Air Force, or NASA with MERADCOM approval.

Soot Formation: Flame Radiation and Exhaust Smoke

Soot formation is important in gas turbine combustion for two reasons: increased flame idiation and exhaust
smoke. An increase in flame radiatian will increase the heat load to the liner, thus raising the liner temperatures and
reducing the thermal fatigue-life of the liner. Exhaust smoke is that soot which is not oxidized in the secondary and
quench zones; the major military concern is the increase in visible signature of the vehicle.

Soot formation in the primary zone is to a large part determined by combustor design, i.e., the stoichiornetry and
mixedness of the primary zone; however, fuel properties can play an important role. Currently, the soot-forming

*tendencies of jet fuels art controlled by the aromatic content and the so-called smoke point. Other distillste fuels,
such as diesel fuel, are not controlled f r this poperty. These controls have proved satisfactory for light-dis illate jet
fuels composed primarily of paraffins and single-ring aromatics (alkylbenzenes). The validity of these tests becomes

*suspect as fuel chemistry changes, e.g., more cycloparaffins, tetralins, and naphthalenes, and as viscosities increase;
viscosity affects both the diffusion flame on the wick lamp used for the smoke point test and the FIA (ASTN' D-1319)
test used for measuring aromatic content.
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One of the objectives of a series of combustor studies has therefore been to determine which fuel properties,
physical and cte mical, are important to soot formation in gas turbine combustors. Figure 5 reproduces data from an
early program 5 using the 2-inch combustor to evaluate chemical properties. "Wt% ring carbon" is a measure of how
much of the carbon is in aromatic ring structures as opposed to side-chains or saturated molecules; it differs from
"aromatic content" in that the former procedure effectively counts only the aromatic rings while the latter counts
aromatic molecules. If "aromatic content" were the fundamental fuel parameter, then the ring structure itself should
be important. In Figure 5, hydrogen content and aromatic content appear to be of about equal value as correlating
parameters, while ring-carbon is seen to be a relatively poor correlating parameter. This suggests that the aromatic
ring structure itself is not important, and that aromatic content correlates the data well only because of the lower
hydrogen content of the aromatic molecules.
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FIGURE 5. CORRELATIONS OF FLAME RA1IATION WITH FUEL PROPERTIES

Subsequently, these s~roe fuels along with 17 others were evaluated in the T63 combustor for their effects on
flame radiation and smoke.J 6 The additional fuels emphasized physical properties, such as viscosity and boiling-point
distribution, as well as water/fuel emulsions and blends of methanol and aromatics. Figures 6 and 7 present the flame
radiation data from these fuels as correlated against aromatic content and hydrogen content. Here the strength of the
hydrogen correlation is more dramatic than in the previous example. The solid line in Figure 6 is drawn through the
data for fuels which are simple blends of petroleum JP5 with aromatics. This illustrates that while the aromatic
content correlates the soot-forming tendencies of petroleum-derived fuels, it is less acceptable for the synthetic
hydrocarbon fuels and not at all adequate for the more unorthodox fuels. Contrast this with Figure 7 which shows that
hydrogen-carbon ratio adequately correlates all of the data. These results indicate that soot formation is essentially
independent of molecular structure. Note also that some of the jet fuels were blended with 10, 20, and 40 percent
diesel fuel (DFM) and two of the fuels were DFM's. Since these increases in viscosity and end point did not affect
their correlation, the combustion quality of such emergency fuels can be controlled by hydrogen content.
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The fuels used in the above discussion did not contain significant amounts of suc h compounds. There have been
some suggestions that polycyclic aromatics such as tetralins and naphthalenes might riot follow the simple hydrogen
correlation discussed above. For this reason, a study was conducted in the 2-inch combustor using 6 test fuels which
all had a hydrogen content of 12.8 percent, but which stressed end point and polynuc-lear compounds, i.e. decalin,
tetralin, naphthalene, and anthracene. (7 ) Again there was no effect of increased end point. The fuels with single-ring
aromatics, single-ring cycloparaffins (naphthenes), and double-ring cycloparaffins (decalin) followed a simple hydrogen
correlation; however, the fuels with the polynuclear aromatics produced more soot than their hydrogen content would
suggest. Also this increase in radiation varied with combustor operating conditions. However, when these same fuels
were burned in the T63 combustor, there was no difference in the measured flame radiation between the polycyclic
aromatics fuels and the base fuels blended to the same hydrogen content. Thus the evidence indicates that fuels
containing significant amounts of polynuclear aromatics ( -5%) can produce more soot than their hydrogen content
would predict, but that the increase is dependent on the combustor design and operating conditions.

A further study was then conducted with 14 test fuels containing alkyl-benzenes, methyl niphthalenes, tetralin,
and indene blended into a let A fuel to produce hydrogen contents of 11.5, 12.5, and 13.5 percent. ( ) These fuels were
than burned in the 2-inch combustor over a wide range of operating conditions to determine the separate effects of
temperature, pressure, fuel-air ratio, and reference velocity.

The sooting tecden-ies of the polycyclic aromatics themselves was determined by comparing the sensitivity to
H/C ratio of fuels containing polycyclic aromatics to those with only single-ring aromatics. The difference was
assumied attributable to the polycyclic aromatics. These trends are reproduced in Figure 8 showing the individual
effects of temperature, fuel-air ratio, density, and reference velocity. The actual values are probably uniaue to this
combustor, but the trends may apply to other combustors. If so, one would expect that engines would tend to be less
sensitive to polycyclic aromatics at the full power condition where fuel-air ratios are greatest as are the burner inlet
temperature and density. This is a desirable trend, since the full power condition is associated with the highest levels
of soot formation and the highest liner temperatures, i.e., at the worst condition there is the least sensitivity to the
polycyclic- aromatics.
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FIGURE 8. EFFECTS OF OPERATING PARAMETERS ON THE INCREASED SENSITIVITY OF THE
SOOTING TENDENCY DUE TO POLYCYCLIC AROMATICS

In summary, this series of studies has shown that hydrogen content (or hydrogen-carbon ratio) is the essential
fuel property for controlling soot formation in fuels which do not contain appreciable amounts of polycyclic aromatics.
This is in agreement with other researchers, but the extension to include alcohols as well as emulsions of water or
alcohol with hydrocarbon fuels strengthens this claim significantly. The presence of polycyclic aromatics in the fuel
can lead to higher levels of soot formation depending upon the combustor operating conditions. Such compounds are
not generally found in fuels in concentrations greater than a couple percent naphthalenes and a few percent
tetralines/indenes; the impact of such concentrations is not significant.

Atomization and Fuel/Air Mixing

The ignition characteristics of an engine are highly dependent upon the design characteristics, e.g., ignitor
energy and location, air flow pattern and velocity, and air-fuel ratio; however, fuel properties play an important role
in determining how the air and fuel are mixed. Viscosity is the major fuel property that controls the size(s) of the
droplets in the fuel spray; density and surface tension are also factors, but do not change as much as viscqsty over the
range of candidate fuels. A typical relationship for a simplex pressure atomizer as coi-related b y Jasujat 9

) is given in
equation (I):

SMD (.16 0.6 Wf0 .2 2 :.pf -0.43 (1)

- ,whre , and 1 are the viscosity and surface te ision of the fuel and Wf and ' Pf are the fuel flow rate and pressure
droo across the nozzle. Higher viscosity fuels result in larger SMD's (iauter mean diameter).

The boiling point distribution, i.e., volatility, governs the evaporation rate and hence the mixing of the fuel with
tie combustion air. Equation (2) shows the D -law for droplet evaporation in quiesccnt air (the modifications for
convection are not necessary for this discussion):

2
11o "L" :2A, (2)

8 Kz, In(I.B)

w!iee T is evaporation time for a drop of initial Jiameter f O and density .'f, Cpa and Ka are the heat capacity and
thermal conductivity of the air. The important parameter here is the transfer number IB; physically it represents the
ratio of energy available for evaporation to the energy required, or
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Here T,. is the temperature of the surrounding medium and Tf is the boiling point of the liquid. For most fuels Tf is
no' unique, but rather there is a boiling point distribution. Foster and Straight( 1 0) and Peters and Mellor(l l

1 have
correlated ignition limits using the 10 percent evaporation point of the fuel. It is not clear, however, what should be
used for T, for an ignition problem. Peters and Mellor used the average of the ambient and the stoichiometric,
adiabatic flame temperatures (approximately 1300K). Such argument is beyond the scope of this paper. It is sufficient
to note that fuels with higher boiling ranges give a smaller value for B and hence a longer evaporation time.

Figure 9 reproduces some data from Ballal and Lefebvre ( 12 ) illustrating a combineo effect of viscosity (drop
size, SMD) and boiling range on the ignition energy. As would be expected, higher ignition energies are required for
fuels of lower volatility and higher viscosity (larger SMD).
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FIGURE 9. MINIMUM IGNITION ENERGY VERSUS SMO FOR QUIESCENT
MIXTURES (Data from Ballal and Lefebvre(12))

In a gas turbine engine, these effects would be manifested in those performance areas which are mixing
controlled rather than kinetic controlled, e.g.,

o ignition and altitude relight
o flame stabilization (lean blow-off)
o combustion efficiency and gaseous emissions
o exhaust temperature pattern factor.

Of these, ignition and altitude relight are the most significantly affected.

The first MERADCOM/AFLRL investigation into the fuel effects on ignition was conducted !sing JP4, Jet-A,
and DF2 fuels.(1 3) Figure 10 shows the relative ignition characteristics of these fuels as the time required for ignition
for a given fuel flow rate, all air-flow conditions and spark energy being held constant. For a given fuel, the
characteristics are typical: at low flow rates, there is no ignition; then as the flow rate is increased, ignition becomes
marginal; and finally, at sufficiently high flow rates, ignition is almost immediate. The more volatile and less viscous
JP4 was ignitable at lower flow rates than the let-A which was easier to light than the DF2. Also 'ncluded in
Figure 10 are the ignition limits for blends of pentane with the DF2 to show that blending a more volatile mater al into
the heavier diesel fuel will improve the ignition characteristics. About F percent pentane was required to toatch the
vapor pressure of the JP4, but adding 10 percent to the Jet-A and 20 percent to 'he DF2 did not reduce their ignition
limits to that of the JP4. Thus, adding more volatile components to increase the vapar pressure is helpful, but vapor
pressure may not be a sufficient parameter to predict ignition limits with blends.
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Subsequent ignition studies were oriented toward the potential use of [FlM\ as sl q ro,: .,-
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blend. Figure 11 shows the thresholds for instantaneous ignition, but without the detailed data points of Figure 10. As
would be expected, the gasoline had the leanest limit and the DFM's were the most difficult to ignite requiring much
higher fuel flow rates. Adding 30 percent gasoline to the DFM made a significant improvement in the ignition limit.
There is an inconsistency in the 3P5/DFM blends; in some cases the limits appear to have been improved by the
addition of DFM. Unfortunately the inlet air temperature was dictated by the ambient air and could not be controlled.
D, , the tests the air temperatures varied by several degrees which accounts for the relative positioning of the
ign tion limits for these blends rather than according to their viscosity (increasing DFM). While this precludes a
quantitative evaluation, it appears that blending DFM into 1P5 would not seriously degrade the ignition requirements
on warm days. Subsequent combustor studies by the Navy and Air Force have shown some degradation of cold-start
and altitude relight limits.
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FIGURE I1. FUEL EFFECTS ON FUEL-AIR RATIO REQUIRED FOR IGNITION

The following is a brief look at the other, less critical performance areas listed above. Figure 12 compares the
lean blow-off equivalence .qtios for the nine fuels mentioned earlier ranging from gasoline through JP5 to diesel fuel
(DFM) and blends thereof.0) The data were taken at four different power conditions in the T63 combustor -10%,
40%, 50%, and 100%; engine power is represented by the air loading parameter, e:

e = pL.75 Aref Dref0.75 exp (T/300)

where P and T are the combustor inlet air pressure and temperature; A and D are reference area and dimension of the
combustor. The fuel effects are more pronounced at the lower power conditions where the gasoline could be burned
under much leaner conditions. There was very little difference among the jet/diesel fuel blends, however.
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FIGURE 12. FUEL EFFECTS ON FLAME STABILIZATION

4 *Combustion efficiency calculatiom were made for these same fuels burned in the T63 combustor from
measurements of CO, C0 2 , and HC as a ratio of energy actually released in the reaction to the energy that would have
been released If the fuel had been totally oxidized to CO 2 and H20. Figure 13 shows that the rang of the fuel effects
is relatively minor except at the idle condition. Although the details are excluded, the jet fuels vae the hIhest
efficiency, the diesel fuels the lowest, with the blends In between.

F IGURE 13. PANGI OF PIURL W CTS ON COMKJSITI 0FCINCY

Pr I-,

" i el ilIll ill• I I



7-8

A similar result is seen in Figure 14 for the gaseous exhaust emissions, CO, HC, and NOx. For the CO and
hydrocarbons, the fuel effects are greatest at idle where the emissions are highest due to poorer mixing and lower
temperatures which are aggravated by the poorer atomization and evaporation of the diesel fuels. The oxides of
nitrogen exhibit the opposite trend with engne power since their formation is so highly temperature dependent. The
fuel effects are fairly uniform across the power spectrum, and, while the more viscous fuels generally yielded higher
concentrations of NOx , the highest concentrations were obtained from the gasoline. This is presumably because of the
high local stoichiometry in the primary zone caused by the rapid vaporization of the gasoline.
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FIGURE 14. RANGE OF FUEL EFFECTS ON GASEOUS EMISSIONS

None of these fuel effects on emissions or combustion efficiency is considered critical. While the magnitude of
such fuel effects are certain to be dependent on the combustor design, these conclusions have been confirmed in
recent years in U.S. Air Force and Navy sponsored combustor programs on a variety of engine design and sizes.

Summary

Combustor test programs on alternative and emergency fuels have been conducted in the krmy Fuels and
Lubricants Research' Laboratory over a period of years to identify which fuel properties appe to control certain
problems in combustor performance. The types of fuels and the range of fuel properties have encompassed the fuels
likely to be used in aircraft gas turbines over the next 20-30 years.

The most important problem areas would appear to be the following:

Performance Area Co-Roilnf Fuel Pronerty Performance Problem

Ignition Viscosity, Volatility Degradation of cold-day
ignition and altitude

Soot Formation Hydrogen content Reduced liner life
increased exhaust smoke

Other non-combustion problems not addressed in this paper Include thermal stability, materials compatibility, and
lubricity.

Research on the influence of the physical and chemical properties of fuels on engine and aircraft performance and
durability is very important right now as opposed to simply qualifying a system on a fuel specification. By Identifying
the critical fuel/hardware interfaces and developing quantitative models and impact statements, the impact of
potential changes in fuel specifications, crude sources, and refining techiques can be minimized. More importantly,
the high cost of requalifying every engine and aircraft to ensure their compatibility with new fuels can be reduced by
concentrating on critical or representative systems and components.
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DISCUSSION

J.Tilston, UK
This paper contains references to differences in iner temperatures of the order of ! 1 0 C due to changes of fuel type.
In our research we would expect very much higher differences than this, due entirely to day to day variations in rig
operation or errors in establishing datum conditions after an in-run fuel change. Could Dr Moses please explain how
these measurements are made?

Author's Reply
These data were not mine but taken at General Electric so if I may I will refer the question to Mr Willard Dodds of
that company.

W.Dodds
We at General Electric have acquired much experience in alternative fuels testing, and often detect temperature
changes of I I °C or less, using surface mounted thermocouples on the combustor liners. We have consistently seen
this effect in dozens of combustor tests. Also, we see consistent changes in the output of a majority of the thermo-
couples mounted on the combustor liners (20 to 40 thermocouples are normally used for this type of test). In fact,
we have repeatedly observed a larger change in liner temperature in the forward positions of the combustor (where
flame radiation effects are strongest) than in the aft portions. There are three additional considerations. Firstly,
we always report liner temperature relative to combustor inlet temperature. This corrects for small variations in
inlet temperature. Secondly, we use exactly the same thermocouples for comparisons. Reinstrumentation of a
combustor liner can make a significant difference in details of measured liner temperature. Finally, we measure
temperatures at several different operating conditions with many different fuels, over a fairly wide range of
properties (typically 12 to 14.5% hydrogen content), and use statistical analyses to establish fuel effects, so it is
not merely a comparison of two test data.

J.Odgers, Ca

In your discourse you stated that a difference of I I 0C in wall temperature could reduce the combustor life by some

25 percent. I find this very disturbing since when I was in industry two production combustors taken from the
assembly line could show a temperature difference of 20*C, or even 40°C when measured at the same position.
Since we can rarely measure wail temperatures better than ±200 C in regions of steep temperature gradients, the
statement is even of greater concern. I would welcome your comments on this matter.

Author's Reply I
I did not develop the data to which you refer myself and would again like to refer the question to Mr Willard Dodds
from General Electric.

W.Dodds F
When you say that you measured two different combustors in the same position, I would not be surprised if you
observed 20 0C difference in the temperature. In fact, if you ran a test with a thermocouple in a certain location
and attempted to replace it with an identical thermocouple in the identical location, you would probably measure
a different temperature in a subsequent test. However, if the combustor and instrumentation are not disturbed, very
close agreement can be obtained. As for life analyses, these are described in two reports by Gleason et aL (references
2 and 3 in my paper). A simplified life estimation procedure from a paper by Foltz and Kenworthy (presented at
the 1982 ASME International Gas Turbine Conference in London) would also be of interest.
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THE EFFECTS OF FUEL COMPOSITION UPON HEAT TRANSFER

IN GAS TURBINE COMBUSTORS

by

J. Odgers & D. Kretschmer
Ddpt. de Gfnie dcanique

Universit6 Laval m P
Oubec, Canada A
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SUMMARY

-'A-The widening of fuel specifications will lead to fuels having a lower hydrogen
content. This change will influence the heat transfer in combustion chambers, mainly
through increased radiation from increased carbon in the flame. The influence of ring
compounds is not very clear and - to date - the best correlation is with fuel hydrogen
content. Due to this, the *Luminosity-Factorf is still the most convenient tool for the
prediction of fuel effects upon heat transfer.

NOMENCLATURE

A/F air to fuel mass ratio
100 x Aromatic carbon atoms

CA  aromaticity = Aromatic carbon atoms + non-aromatic carbon atoms '
c/h carbon-hydrogen mass ratio of the fuel
f fuel-air mass ratio
h hydrogen mass fraction in fuel
Z effective radiation beam length, m
L flame luminosity
p pressure, Pa

air inlet pressure, Pa
heat transferred by radiation, W m

-2

T temperature, K
TO  air inlet temperature, K
TL combustor temperature for any fuel, K
TLO combustor temperature for a reference fuel (usually H - 14,5%), K

TL - TLO

TLO 0 T
Z non luminous emission parameter (Eqn. 2)

e emissivity
K effective soot emission parameter (Eqn. 5), m- 1

U equivalence ratio
Subscripts z

9 hot gasPZ primary zone

1. INTRODUCTION

The introduction of new fuels-sources, to augment or replace existing ones, will
result in fuels having increased boiling points, viscosity, freezing points, and aromatic
contents. A major concern is that increasing aromatic contents will lead to increased car-
bon formation and, hence, to higher wall temperatures. This increase in wall temperatures
could reduce the effective combustor life.

The following is an attempt to assess what effects fuels may have upon the heat
transfer in gas turbine combustors.

2. GENERAL CONSIDERATIONS

Heat transfer in gas turbine combustors has been investigated extensively in the
past. A bibliography (1), last updated in 1979, contains alone over 600 references. The
models developed vary from quite simple to very Complex, some giving mean temperatures for
any axial location, others claiming to give detailed temperatures patterns. All the models,
however, have one common weakness, the uncertainty in estimating flame radiation.

The uncertainty is two-fold. Firstly, so far, it has not been possible to predict
local flame temperatures in the combustion sone. Reasonable estimates for mean flame tamper-
atures can be made, however, the accuracy is necessirly limited. nore difficult to eItiI I
is the effective emissivity of the flame. A considerable mount of laboratory work has been .
done to measure the missivity of both, transparent and opaque gases, but for gas turbine :.

' .... ,' :*" 1 T. .
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applications, one has to resort to convenient semi-empirical equations which have been
determined in combustion chambers.

A very useful set of equations for the non-luminous flame has been given in [2] -

= - e Z  (1)

z= -0,286 p (fl)0 '5 T -1,5  (2)

Unfortunately, the flames in the combustion zone of liquid fueled combustors are
highly luminous due to the presence of carbon particles. Since it is not (yet?) possible
to predict the density and size distribution of carbon particles in the combustors, no
theoretical prediction of the emissivity of luminous flames will be available in the near
future - if ever. Consequently, resort is made to an empirical "fudge-factor", the so-
called flame luminosity. Equation (3) gives the relationship developed for [2] using
data from several sources [3 to 5], representing the best-fit line to the data available.
It has proved to be satisfactory for most applications to date, but it has obvious limi-
tations. It may be used for fuels having a molar mass of 44 g/mol or more, providing that

(a) they are saturated hydrocarbons, or

(b) they are commercial liquid fuels of a conventional character and
ranging from gasoline to fuel oils.

Also it has to be noted that the relationship applied only in the recirculation zone of
combustors working reasonably close to stoichiometric and being fed by a pressure atomizer.

If the mixture in the recirculation zone is very lean, the luminosity tends to
decrease, also the use of air-blast atomizers decreases luminosity.

With these restrictions, the estimated accuracy of the equation is about ±25%
(corresponding to about ±5% in terms of wall temperature). It is obvious that this is
an area demanding further investigations.

L = 0,0691 (c/h - 1,82)2,
71  

(3)

Correction for luminosity is then made by inserting into Eqn. (2)

c = 1 - exp (L x Z) (4)

Theoretical considerations suggest a
somewhat different type of luminosity correction s0
to Eqn. (2) [6, 7]. In terms used here, the C
emissivity would have the form i

e - 1 - exp (Z - KI) (5)

Values for c given in [6] are plotted 30- 0

in Fig. 1. A direct translation is not possible, 0
but, for example, the value quoted for propane
implies a luminosity factor of the order of 4 to 20

1

5, much higher than usually experienced. It 0
seems obvious that the values appropriate for jet 00 o 
diffusion flames do not apply in the highly stirred 10 0
environment of a gas turbine combustor. This
should not distract from the possibility that this 0
type of correction might be better than the lumi- 3 4 5 a 7 8
nosity factor, however, it cannot be used unless C/A
more appropriate data become available.

Fig. 1: Soot Emission Parameter [S]

3. PREDICTED CHANGES IN WALL TEMPERATURES DUE TO CHANGES IN FUEL COMPOSITION

The above mentioned model was applied to a hypothetical combustor having the

following characteristics.

Combustor type - Pipe Chamber -

Combustor Diameter - 230 mm
Primary zone equivalence ratio - 1,0
Secondary zone equivalence ratio - 0,5

The combustor exit combustion efficiency was assumed 100% at all of the following
operating conditions.

Condition A B C D E F

Inlet temperature K 300 480 630 723 G0 925
Inlet pressure mpa 0,1 0,5 1,0 1,5 2,0 3,0
Total mass flow (air) kg/s 1,39 5,48 9,57 13,4 17,0 23,7
Total mass flow (fuel) kq/s 0,028 0,112 0,193 0,270 0,342 0,477

,.
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For each of these conditions the wall temperatures were assessed for fuels having

the specified hydrogen contents given below

Fuel A B C D E

%H (mass) 16 14 12 11,11 8
Stoic A/F 15,11 14,65 14,19 13,73 13,28

In order to attain constant turbine inlet temperatures it was necessary to adjust
the fuel flows so as to maintain a constant equivalence ratio in each section of the com-
bustor. Thus at each condition , the fractional fuel flow was given by -

Fuel A B C D E

Fractional fuel flow 1,03 1,00 0,969 0,937 0,906

This also ensured constant temperature conditions within the primary and secondary
zones. The flame luminosities corresponding to the fuel were (eqn. 4)

Fuel A B C D E

c/h (mass) 5,25 6,14 7,33 8,00 11,50
Flame luminosity (L) 1,95 3,65 7,06 14,44 32,45

The film cooling device ...........
was assumed to be a wigglestrip of
gap width 2,5 mm,and the calcula-
tions were performed at 25 mm, -.....

50 nun, and 75 mm downstream from ..
the slot. The metal emissivity . - . .....
was assumed to be 0,8. Predic-
tions were made for the film cool- --. i
ing slots in both primary and
intermediate zones. For the -X5
present, only the primary zone
will be considered; for more
detailed information see Refs.

No calculations were

performed for the dilution zone,
since in this region a constant p

luminosity factor of unity is 0 30
assumed. o

The results of the Fig. 2: Predicted Chances in Flame Emissivity in
calculations are shown in the Recirculation ZoneFigs. 2 & 3.' ,

3.1 Flame Emissivity I

Figure 2 shows the effect 1 '
of flame emissivity for the re-
circulation zone. The band spread
on the curves has no particular
significance except thatI

(a) it indicates the effect of
position within the zone 7**T 0.6
relative to the start of
the film cooling, 0

(b) as the hydrogen content 0.4
decreases, the width of
zone decreases due to the
higher *basic' emissivity.

3.2 Wall Temperature

Figure 3 shows the mean
effects upon wall temperatures in 0
the recirculation zone, expressed
in the dimensionless form used by
Slazowski (101, where TLO is the -0.2 A
wall temperature yieldedby a 1t 1.
fuel containing a standard amount
of hydrogen (in this case, hypo- Hydoom COM
thetical 3P5, h - 14,5). The
magnitude of the effects of
hydrogen content is most siqnif- Fig. 31 P i-
icant when the emissivity is low, t= 2!U
that is

W .......
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(a) at low pressures and
(b) within the secondary zone more than in the primary zone.

3.3 Radiation from hot carbon particles

All the above phenomena have been based upon heat transfer from a flame having
"mean" properties based upon empirical correlations. Such correlations were obtained from
flames in practical combustion systems used in gas turbines, and generally using fuels
containing not less than 11% hydrogen. In addition, it has been assumed that the behaviour
of the fuel is completely defined by the hydrogen content, and that the type of compound
has no effect upon the carbon formation and/or the heat transfer properties. Suppose that
the latter supposition is untrue. Suppose also that the result is the formation of a
large amount of relatively big particles of carbon which burn at their surfaces. Examina-
tion of the relevant thermodynamic data suggests that it is possible that the temperature
at the surface of such particles could be considerably higher than the local hot gas temper-
ature. Under such circumstances the total radiation might suffer a significant increase
with a corresponding increase of wall temperature. However, it has to be kept in mind that
the carbon particles burn in air vitiated by the combustion of the volatile fractions.
Currently, there is no known technique for predicting this phenomenon, but with careful
attention to experimental details, it might be possible to detect it, if it actually exists.

4. EXPERIMENTAL RESULTS _0

4.1 Flame emissivity

Very few experimental data are
available with respect to flame emissiv- [3]--
ities for a range of fuels at various [51
engine conditions. In general, the [5]
experimental work seems to be limited to [5]-
the measurement of wall temperatures and 20 (2210

flame radiation. The absence of measured
hot gas temperatures renders it impossi- L
ble to deduce the flame emissivities with
any real accuracy.

Figure 4 indicates the range of
flame luminosity reported by various
authors (ii]. It can be seen that there l \ \
is a considerable spread of results, and \
if luminosity is to be retained for .

prediction purposes, it is desirable that *
further experimental work be done.

Figure 5 shows some experimental
data obtained by Rolls-Royce 19).Although insufficient information was

available to make predictions, the results 0
are typical, and similar to those of a 12 10 % 20
Fig. 2. , m Content

4.2 Wall temperature measurements
Fig. 4: Dependence of Luminosity Upon Fuel

A fair amount of work has been composition
published on the effects of fuel composi-
tion on wall temperature. All workers
agree that diminishing the fuel hydrogen
content increases the wall temperature
of the combustor. Many of the data
appear to correlate against a temperature 1.0
parameter (81 defined by 30

~~~T L - TLO os.,[T x  - TL -TO (6) f 0.8 A,,at cS

x TL-To(Oprsnful
40,6

where TL is the actual liner temperature
TLO is the temperature yielded by

a "standard" fuel (usually 0,

14,5% H)
To  is the combustion inlet temper- 0,2ature

Examples of such data are given 0 I
in Figs. 6 to 8 taken from references (121 0 aP 2.0

from Gleason at al. (12] and plots the t amdafion an Pressure.temperature parameter against the hydrogen (olls-ROO MOY CoMuson Ri)

content of the fue- for a number of 7I



aircraft combustors. The triangles are for the J79 data reported in [12], and they compare
favourably with the primary zone predictions for similar inlet conditions. The predictions
are those described in Paras 2 and 3. The remaining test units do not have their operating
conditions specified, but presumably they are not too far removed from the J79 case. It is
findings such as these that leads one, tentatively, to accept [Tx] as a general parameter,
at least for standard type combustors.

0.S 0.8

o.6 (90 O.s"

L o r -10oT-T
00.4

0.2 0.2

00

1 12 % 6 12 % 18

Hydrogen Content Hydrogen Content

Fig. 6: Effect of Fuel Composition Upon Fig. 7: Effect of Fuel Composition Upon
Wall Temperature [12] Combustor Wall Temperatures [131

Triangles: J79 T = 559 K PO = 470 kPa (Cruise) FI01 To = 677 K Po 
= 

997 kPa
Circles: T56, J7, JT8D, CJ805, J57 Dotted lines are limits of units from Fig. 6

unspecified conditions Shaded zone: Primary zone predictions
Shaded zone: Primary zone predictions TO = 632 K Po 1 MPa

To = 480K pO = 500 kPa

It will be remarked that the above 1,8_ _

mentioned units are all from engines which 1
are fairly "old". In Fig. 7, data are
plotted for a more recent combustor, the T1  -
F101 [13]. The engine data points lie LOO
below the general scatter of the previous
engines and also below the predicted values
at similar conditions. This is generally
accepted to be the result of a lean primary
zone mixture compared with those of the I ,older chambers. Since this "leanness" is

not given in the reference it could not be
"allowed-for" in the prediction technique
(which in this case assumes 0 - 1,0) and so
this may well explain the higg prediction
value.

OR I

The difference between the 0 50 K 100
results for the J79 and the F01 makes it T_-_TOquite obvious that the correlation ([Tx])used is far from general. Great caution has ig. 8: Variation of Wall Merature
to be used when trying to generalize infor- oreonGuIsea

Correlation Group Insid domation from this type of correlation. Not Comustor. Data rom 15
4 only does the influence change somewhat

from combustor to combustor - especially Change from JP4 to gasoline
if the fuel injection system changes - it
varies also within a given combustor.
Much smaller changes will occur in regions where the emissivity is already close to unity.
This effect is illustrated in Fig. 8 (after (151) where the influence of a change from
JP4 to gasoline in plotted as a function of the original wall temperature at various
points throughout the combustor.

An example for the influence of changes in engine operating conditions is given
in Fig. 9, where the data for the J79 from (121 are plotted for all 4 conditions. This
figure shows also the type of scatter which seems rather typical.

The results of Bauserman et al. (16] also indicate the sonal influence upon the
temperature parameter. Thus the primary-secondary xon. show the largest influence,
although not necessarily the highest temperature. This implies that the value of the
parameter [Tx] per so should not be used as an absolute measure of probable life. It is

... .... .- -. .
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obvious that at idling conditions a much larger range of [Tx] may be tolerated than, say,
at full-load take-off.

The dependence of [Tx] upon the operating air/fuel ratio (combustor outlet
temperature) was also noted by Singh et al. [17] using a 1/2-scale version of the W251.
Their results are reproduced in Table I. The values of [Tx] were obtained both as a
function of the hydrogen content and the aromaticity. Aromaticity is negatively corre-
lated with hydrogen content. The results indicate that the hydrogen content is a slightly
better correlation parameter.

The concern with respect to the effect of the types of compounds present in the
fuel is fairly general. Although a fair amount of experimental work has been carried c t,
there is little positive evidence to answer this question. It is generally conceded that
the worst effects will be given by pure ring structure compounds, whereas those hydrocarbons
containing side chains will burn more akin to aliphatic compounds. What is not known, is
the amounts of such multiple ring compounds which will actually occur in fuels. To-date,
the correlation parameter giving overall least-scatter has been hydrogen. This bas been
demonstrated above (Table I), and Fig. 10 [18]
illustrates additional results. These latter 0.8
indicate some of the difficulty of interpret-
ing the experimental results.

0,8.

TL- TLO [TiO
TLo-To T

0,6 \

0,4 ,,

0,4-

%2 W\ 0 JP4 Blends

0,2 _0

11 12 13 14 % 15 9 11 13 15 % 17
Hydrogen Content Fuel Hydrogen Content

Fig. 9: Effect of Fuel Composition Upon Fig. 10: Effect of Fuel Composition Upon
Combustor Wall Temperatures Combustor Wall Temperatures [1]8
121 J79 Shaded portion indicates previous data

Squares - Dash, Triangles - Take-off, (T56/J79/JT8D/CJ805/J57)
Circles.- Cruise, Stars - Idle. Solid symbols indicate monocyclic blends

TABLE I

INFLUENCE OF FUEL HYDROGEN AND AROMATICITY ON [Tx]

(after 1171)

Burner Outlet Influence of Influence of

Temperature Fuel Hydrogen * Fuel AromaticityEK

T839 T] - -12,9 (h) + 1,67 [TxI - 0,012 (0 CA) - 0,22
(8 - 0,19) 

(a - 0,25)

1172 [Tx3 - -9,2 (h) + 1,19 [TX] - 0,0087 (% CA) - 0,16
(a - 0,13) (a - 0,14)

1311 T x I - -7,9 (h) + 1,02 [Tx] - 0,0074 (1 CA) - 0,14

(O - 0,12) (a - 0,14)

1422 IT,] - -7,8 (h) + 1,00 1Tx] - 0,0)074 (0 CA ) -0,14

(a - 0,00) ( -,08)

- 0,. ' CAMf 18,4% 1



Using conventional fuels, it is
well known that the introduction of premix- 5 ...........
prevaporized fuel gives rise to blue, non- W00K
luminous flames with fuels which, when burned J -a6-5-
as droplet diffusion flames, yield the strong 4
yellow of sooting flames. Such premixing
would argue insensitivity to fuel composition. Tw,matTin
Results reported by Rudy et al. (14] are in 5

good agreement with this supposition 3
(fig. 11)

4.3 Radiation measurements 2 0
Combustor

Experimental investigation of the
effects of fuel composition upon flame radia-
tion has not been so extensive as that upon I
wall temperatures. However, sufficient

information has accrued to enable broad CARBON-HYDROGEN MASS RATIO

conclusions to be drawn.

There is a small increase in peak Fig. 11: Effect of Fuel Composition Upon
flame temperatures as the fuel hydrogen Combustor Wall Temperatures [141
content decreases. This gives rise to a
small increase in radiation. From 15% H to
8% H, the theoretical increase will be con- 9
sidered negligible for the purpose of this
report. 105W/m2  8

Schirmer et al. [19] reported the
results illustrated in Fig. 12. The effect 710
of both fuel composition and pressure
(constant inlet temperature) are very sig-
nificant. At a pressure of 1,5 MPa and
an inlet temperature of 703 K the conditions 12
approximate to those used for the example in 5
Para 3 at 1,5 MPa (723 K). The different
sizes and duties of the combustors make a
direct comparison impossible, but if the
radiation index is used, the two sets of 33 14
data can be shown to agree 38]. 3

The radiation index is defined as
the ratio of the radiation (R) at any hydro- 1
gen content divided by a radiation emitted 16%
by a fuel containing 14% hydrogen (R14 ). 1 / 2

Using a similar combustor, Naegeli
and Moses [20] examined the effect of fuel 0 . . . . . . .

molecular structure on radiation. They used 0 1 MPS 1.6
a reference fuel containing 14,22% hydrogen
and attempted correlation against (a) smoke
point, (b) total aromatics, (c) total Fig. 12: Effect of Fuel Composition Uponaromatic ring carbon, (d) hydrogen content, Flame Radiation at Various
and (e) hydrogen together with polycyclic Pressures [191
aromatic ring carbon. The results indicated
that, in addition to hydrogen, molecular Figures on curves denote fuel hydrogen content
structure played a significant role in To = 703 K
effecting flame radiation. For example a
20% naphthalene content increased the radiation by about 20% over that indicated by a
simple hydrogen correlation. A somewhat better parameter was the fuel smoke point, which
seemed to include structure.

In other work [21] Moses et al. studied the flame radiation within a T-63 combus-
tor. For these results, the hydrogen content was found to be the best correlation parameter,
the detailed hydrocarbon structure apparently having only secondary effects. They also
concluded that the Syncrude fuels (derived both from oil shales and coal) fell within the
correlation scatter.

Radiation effects within the J79 combustor were investigated by Gleason et al.
112]. Their results indicate that there is some effect due to fuel structure, especially
at the higher pressure conditions. Table II gives the effects of hydrogen content in
terms of the radiation index. For comparison purposes, the theoretical data, calculated
as per section 3, are given. The agreement is considered satisfactory.

5. CONCLUSIONS

5.1 The chemical composition of fuels has been shown to have considerable effect upon the
heat transfer characteristics of gas turbine combustion chambers.

5.2 The effects are largely confined to increases in the flame radiation which, in turn,
is due to the increased carbon formation within the combustion zone of the combustor.

-S,0i
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TABLE II

EFFECT OF FUEL HYDROGEN CONTENT ON FLAME RADIATION INDEX, J79 ENGINE

(After 12)

EXPERIMENTAL [12] THEORY

Idle Cruise Take-off Dash

TO  K 421 559 664 781 480 723

P MPa 0,25 0,47 1,36 1,59 0,50 1,50

1,_73+ 1,54+

R 12/RI4* 1,52 1,72 1,64 1,68 1,72 1,51
1,71 1,47

R3/R4* 1,26 1,39 1,33 1,37

* Radiation Index = Radiation at xH
Radiation at 14%H

Depends upon position in combustor secondary zone

5.3 Despite the proven influence of hydrocarbon type (especially differences between
1-ring, 2-ring and 3-ring aromatics), the effects of fuels tested to date appear to corre-
late most satisfactorily with hydrogen content.

5.4 The assumption of the above conclusion is somewhat confirmed by the satisfactory
prediction of radiation effects using the model described within this report.

5.5 The wall temperature correlation factor [Tx] = (TL - TTO)/(TLO - TO ) should be usedwith caution since it is sensitive to inlet temperatures and pressures as well as position
in the combustor. Generally, conditions most likely to lead to combustor failure, like
take-off or dash, lie below the correlation. Also, the use of mean combustor temperatures
can be very misleading. Nevertheless, it can be used as a guide for predicting the effects
of combustors of similar design and/or operating conditions.

5.6 In view of the fact that hydrogen content still seems to be the most important factor,
the simple model for the prediction of wall temperatures of [2] seems to be quite appro-
priate for the predictions of the effects of future fuels.
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DISCUSSION

C.Moses, 
US

You have given us a caveat in the use of the Blazowski parameter suggesting I believe that the changes are due not
only to hydrogen content but also changes in operating conditions. I would like to point out that the parameter
has been shown, by Kenworthy at the 1982 ASME Gas Turbine Conference, to be very useful in predicting the
increases in metal stresses due to higher liner temperatures; this is then used to predict reduction in liner life due
to low-cycle thermal fatigue.

Author's Reply
I would like to thank you for your information: I was not aware of Kenworthy's paper. However, I still think that
the variation of the parameter, especially within a single chamber, still leaves me with some doubt unless very
particular restrictions have been placed as to the definition of the parameter for the purpose you mention.

W44
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ALTERNATE FUELS USE IN A VEHICULAR GAS TURBINE

by

Nicholas R. Marchionna
Chief. Advanced Combustor Design
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Stratford. Connecticut 06497

AD-P003 135

Practical aspects of combustor design for the use of alternate fuels
in the AGT 1500 vehicular gas turbine engine are discussed. Engine
performance test results are related to laboratory data and to
combustor component performance over the range of engine operating
conditions. Fuel effects on starting and low power efficiency are
related to atomizer performance and to drop size distribution.
Smoke emissions are correlated with fuel characteristics, engine
operating conditions, and combustor primary zone design parameters.
Results are presented for fuels ranging from gasoline to No. 6 oil.

INTRODUCTION

The ability of military vehicles to use alternative fuels can
provide significant tactical advantages. The U.S. Army's new M-i
tank, powered by the AGTI500 gas turbine engine, was designed to
operate on fuels ranging from gasoline to diesel fuel. A special
feature of the design to assist operation on fuels of varying
heating value is an electronic fuel control which senses engine
speed and temperature and automatically adjusts fuel flow rate to
make power. Figure 1 shows an illustration of the AGT1500 engine.
This engine contains a two spool compressor/turbine with a free
power turbine driving a reduction gearbox connected to the
transmission. A recuperator on the exhaust of the engine heats up
combustor inlet air to improve cycle efficiency. Another important
feature of the engine for fuel economy is variable geometry power
turbine inlet guide vanes which allow the gas producer to run at
near peak efficiency over most of the engine cycle. An accessory

gearbox is attached to the gas producer to provide a starting motor.
hydraulic power, and fuel pumping capability.

The AGT1500 engine has a single can combustor. fuel nozzle and a
scroll to distribute the hot combustor gas circumferentially to the
turbine. Minimizing the number of fuel nozzles is an important
consideration in the design of small gas turbines so that fuel
passages can be made as large as possible. This is necessary in
order to pass contaminated fuel and to keep the fuel nozzle as cool
as possible, especially required with a recuperative operating cycle.

The recuperative cycle of the AGT 1500 assists in the
achievement of two major design considerations for vehicular
application: good flame stability and high combustion efficiency.
Both are achieved in large measure by high combustor inlet air
temperature which exceeds 600OF at idle and is close to 1000F at
full power. This cycle advantage, while assisting in the burning of
alternative fuels, requires special consideration in the design of
the liner wall cooling.

Figure 2 shows a cross section of the combustor up to the
location where it discharges into the scroll. The liner wall

-- . --- *,. --.- -....---. -.,.,



cooling design contains short louvers for high cooling
effectiveness. The louver material is thoria dispersed nickel
(TDNi) for high strength. In order to enhance multifuel capability
by reducing flame radiation, the fuel injector is an air blast
design. The injector receives its air directly from the compressor
discharge which is at a slightly higher pressure and considerably
cooler than the recuperator return air which goes to the rest of the
combustor. A pressure atomizing pilot'injector is used for
starting. This injector is located directly in the center of the
air blast fuel nozzle and operates continuously while the engine is
running.

The combustor system design and development for the use of
alternate fuels was strongly supported by the U.S. Army Tank and
Automotive Command. ref 1-5.

STARTING

One of the most critical aspects of combustor design for highly
viscous alternate fuels is getting the engine started. Problems can
arise in both ignition and the acceleration region between ignition
and idle. Starting can be affected because fuels can have up to two
orders of magnitude variation in viecosity as shown in figure 3 for
different fuels and different fuel temperatures. Viscosity has a
significant effect on flow Reynolds number which, in turn. can
affect the discharge coefficients of fuel system components such as
the fuel metering valve and the fuel injector. Increasing viscosity
can affect discharge coefficients in different ways.

.Early experience with the AGT1500 operating on No. 4 oil
indicated reduced flow from the fuel control to the combustor in the
starting region due to low Reynolds numbers in the fuel control
valving. The shape of the metering valve stem was changed to
increase the Reynolds number and thereby reduce the sensitivity to
viscosity. Figure 4 shows calibration data for the early design and
for the modified design on viscosities ranging from 2 to 20
centistokes. In the starting fuel flow region where the objective
was to supply 74 pph. the viscosity sensitive design provided only
half the required flow with a fuel viscosity of 15 centistokes. A
modified design provides a significant improvement by delivering 85
percent of the required value at a viscosity of 15 centistokes.

Fuel injector performance is also sensitive to viscosity. The
discharge coefficient of a pressure atomizing injector usually
increases with increasing fuel viscosity so that the same volumetric
flow passes with less pressure drop. As a result of low pressure
drop. atom- -ion quality is sharply reduced. The deleterious
effect of atomization on ignition has been shown to be very
signific th everything else being equal. Ballal and Lefebvre,
ref 6. l.a that the Minimum Spark Energy required for
ignition i, the 4.5 power on Sauter Mean Diameter (SND).
which is i a of the spray's volume-to-surface ratio. If
sufficienL ±.,. ion energy is available, but the spray drops are so
big that evaporation controls the growth of the spark kernel, then
the minimum fuel flow required for ignition would be expected to
vary with the total surface area of the drops. If the surface area
alone were sufficient to define the fuel flow required for ignition
at a given aero-dynamic condition, then. at the ignition limit, the
required fuel flow (WfR) would vary directly with the SM.

Surface Area -Wf/SMD - Constant

Aic
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then

WfR - SMD EQ 1

For a pressure atomizing nozzle. SMD is most affected by three
parameters: fuel viscosity (N). pressure drop (AP). and
volumetric flow rate (Wf/p). A typically emperical equation for SMD
is:

SMD - N 2  (Wf/P), /ApS EQ 2

Orifice discharge coefficients may be related to flow rate(Wf).
density (p). and pressure drop by

CD - Wf/(PAp) "s EQ 3

so that the SMD is found to be a function of viscosity, discharge
coefficient and flow rate by combining equations 2 and 3.

SMD - N'22CDP 29/Wf EQ 4

The required fuel flow can then be related to SMD. EQ 1. as:

WfR - SMD - N22CDP'2/ W f .

and at the ignition limit when WfR = Wf

WfR - N.2 CD .S0p.162 EQ 5

For fuel nozzles which have no change in discharge coefficient
with viscosity the effect of an order of magnitude change in
viscosity (i.e. 1.5 to 15 centistokes) would require 33% more fuel
for ignition:

fR - N or 10" - 1.33 EQ6

However, if the discharge coefficient also increases with
viscosity, considerably more fuel would be required. Figure 5 shows
the viscosity sensitivity of the initial design of the pilot nozzle
used for starting the AGT 1500. As originally designed the flow
number (used as a measure of discharge coefficient) varies with
viscosity to the .18 power over the range from 2 to 20 centistokes.
As indicated by Equation 5. this would require still more fuel flow
for ignition:

WfR - N' 1 2 s(N 1')'se- N-2 2 4  EQ 7

for an order of magnitude increase in viscosity, the requirement
would be 67% more fuel flow for ignition. A redesign of the nozzle
swirl chamber reduced its viscosity sensitivity to a very low value
as shown in figure 5.

The minimum fuel flow required for ignition is shown In Figure 6

as a function of viscosity for a variety of fuels in a development
AGT 1500 combustor. The operating condition is at a typical
ignition air flow rate of 1200 pph and data are taken using the
initial fuel nozzle design. The required fuel flow in the viscosity

____ ____ ___ ____ ____ 

__ L2L~ii



range from 2 to 12 centistokes follows the trend expected from
Equation 7. However, above 12 centistokes, considerably more fuel
flow is required than expected from the above analysis.

It is hypothesized that the large increase in required fuel flow
above 12 centistokes is related to evaporation effects because of
the similarity of the curves to blowout data also obtained with
these fuels. Figure 7 shows the lean blowout data expressed as fuel
air ratio for different air flow rates, inlet air temperature and
fuels. The same functions of viscosity which correlate the ignition
data fit these blowout data as well. The results indicate that the
assumptions and possibly the expressions for drop size calculation
are not valid for viscosities over 12 centistokes. The assumption
of equivalent surface area. for example. may not be as important as
the number of drops per unit volume or the number of small drops.
Laboratory investigations in the past have shown that the presence
of small drops is crucial to the ignition process. Recently, an
analytical investigation, by Zhou, ref 7. has come to the same
conclusion.

EFFICIENCY

The combustor efficiency required for starting a gas turbine
must be high and vary only slightly if starts are to be successful
with both a cold and warm engine. Otherwise. the mass of fuel
sufficient to start a cold engine would overheat a warm engine. In
order to achieve high starting efficiency, the secondary portion of
the nozzle must have a fine spray when fuel is introduced. This is
achievable with high air to fuel ratios in an air blast fuel
injector.

Lefebvre. ref 8. shows that drop size of the air blast injector
can be described as

SMD = 3.33 X 10-(a L P D/p 2 V2 )"S 1 + WL/WA) + ... EQ S

+ 13.0 X 10-3(N /oL , L"42SDp'.7 ( + WL/W) 2

where ais the surface tension
N is the viscosity
W is the mass flow rate
Dp is a characteristic orifice dimension.
V is the velocity
and the subscripts A and L refer to the air and liquid fuel
respectively

The first term of this equation accounts for surface tension
effects when the viscosity is low. With high viscosities. the
second term dominates the equation and the effect of the liquid to
air ratio (to the second power) becomes an influential effect. In
the starting region where only a little additional fuel is required
to reach idle, the air blast type injector can provide a low S1D to
obtain high efficiency. Figure 8 shows measured drop size
distribution in the ignition and starting region using DF-2 with the
current production injector. As the air density increases, as the
engine approaches idle, the SND decreases due to a reduction in the
first term of the air blast equation above.

The efficiency of the AGTlSOO combustor in the ignition and
starting region.is plotted against the kinetic correlating theta
parameter in figure 9 with DF-2 fuel. Efficiency is over 95% for
most of the region. As the engine accelerates to idle. combustor
operating conditions increase the value of theta since the pressure

.. I .
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and temperature terms increase more rapidly than the air flow rate.
As a result, combustor efficiency continues to increase with
increasing power.

Efficiency over the entire engine operating range from idle to
full power is shown in figure 10 for fuels include gasoline. JP-4.
DF-2. and No. 4 oil (unheated) which cover a range of viscosities
from 0.5 to 42 centistokes and a wide range of boiling point
temperatures. For most conditions, efficiency does not appear to be
limited by drop size. droplet evaporation, or by reaction kinetics.
Since combustion efficiency is normally classified as being limited
by either evaporation, kinetics, or mixing, it is concluded that
mixing remains the limiting parameter in this combustor system at
operating conditions from idle to full power.

SMOKE

Exhaust smoke characteristics for the production AGT 1500
engine are shown in figure 11 for DF-2, the fuel usually burned in
the M-1 tank. The smoke plume from the exhaust is invisible for all
running conditions with an SAE smoke number of under 45. The engine
specification limit of 30 ensures that there is adequate margin in
meeting the requirement of an invisible exhaust smoke requirement.

The change in smoke number with power level is curiously
different from many gas turbine engines because of the peak in smoke
in the low power region where the engine is operating below its peak
fuel-air ratio. It is hypothesized that this peak level is the
result of the competition between soot production and soot
oxidation, with oxidation predominating above the mid power range
where flame temperatures are highest. Variability in the smoke data
can occur with variations in the engine's variable power turbine
geometry whose main effect on the combustor is to increase air flow
and decrease inlet air and flame temperature when opened at constant
power setting. Early work in the Full Scale Engine Development
Phase showed that decreasing inlet air and flame temperature
increased smoke considerably. That work also demonstrated that
smoke can be controlled by the well known technique of adjusting
stoichiometry and mixing in the combustor recirculation zone.
Figure 12 shows a correlation of the Maximum Smoke Number (MSN) with

primary jet hole diameter, D. and location from the fuel injector.
L. The correlating parameter D"66 is based on jet penetration
proposed by NREC. ref 9. for the primary zone. The correlation
strongly implies that smoke is formed in the apex of the fuel nozzle
spray where mixing is low and the fuel air ratio is high. This
correlation was obtained with changes in both hole location, hole
diameter, and number but without changes in combustor liner pressure
drop. It suggests that similar results could be obtained by changes
in liner design to increase pressure drop in order to achieve the
same jet penetration.

The Maximum Smoke Number has been found ref. to correlate well
with fuel aromatic content which has been suggested by Blazowski to

~be the result of fast condensation reactions of the aromatics. ref

10. Figure 13 shows the correlation with JP-4. DF-2. and unleaded
gasoline. The analysis of the Amoco Supreme unleaded automotive
gasoline was performed by Phoenix Labs. This type of gasoline was
typical of blends used in the mid 1970's to achieve high octane
without lead. As a result, the aeromatic content was increased with
an accompanying decrease in hydrogen and heating value.

Once fuel evaporation or combustion kinetics begin to become
influenced by fuel quality, the smoke number measurement can behave
inconsistently. Figure 14 shows smoke measurement taken while
burning No. 4 oil in the engine. Soot generated smoke has dropped

*i- .- .. .. = =-, ._ . - ::---- -- T w --- i~ i



9-6

considerably and is more nearly constant with power level. Coke
build up on primary zone liner wall surfaces increased because of
delayed evaporation and fuel impingement on the liner walls. The
reduced evaporation rate moves the combustion zone downstream where
more air is available to reduce fuel rich pockets and thereby
reduces smoke.

WALL TEMPERATURE

The effect of various fuels on wall temperature has been under
serious investigation in several alternative fuel programs. ref 11.
Since a change in flame radiation is the source of variation in wall
temperature, it is reasonable to expect that flame temperature and
fuel chemistry (as it effects flame emissivity) are the major
variables. It is difficult however to separate these two variables
since they have strong interactions with each other. Moreover.
evaporation and kinetics can vary with stoichiometry which is
determined by combustor geometry. The geometry effects make
engineering correlations particularly difficult.

Despite the entanglement of variables that affect flame
radiation. Oiler, ref 12, has correlated wall temperature against
fuel hydrogen content, which works as well as other fuel
characteristics in most cases. This variable is used in figure 15
in an attempt to correlate two combustor configurations with a
variety of fuels. The development combustor configuration is the
same one for which engine smoke data is presented in figure 13 and
appears to correlate a reduction in wall temperature with increasing
hydrogen content. However, the production configuration tests with
two shale fuels do not follow the same trend. It is noteworthy that
the problems encountered with this type of correlation normally
occur with low hydrogen content fuels when the fuel chemistry
changes from a simple paraffinic structure to a more complex
multi-bonded (ie. aromatic) structure.

Figure 16 shows the same data using aromatic content as a I
correlating parameter. All the data now follow the trend of
increasing wall temperature with increasing aromatics. This is
similar to the trend found with the smoke data and strongly supports
the hypothesis that the increased radiation is linked to an increase 1
in gas phase soot production in this combustor. The differences in
wall temperature level coincide with configuration changes in the
combustor primary zone which gave lower wall temperature with less
smoke.

CONCLUSIONS

The AGT1500 engine was designed to operate on a variety of fuels
from gasoline to DF-2. Laboratory engine tests have shown
satisfactory operation with these fuels without any fuel control
compensating devices. This fuel tolerance has been achieved by a

.09" fuel system designed to minimize the viscosity effects in the fuel.
The fuel is finely atomized and droplet evaporation does not limit
combustion. In addition, the recuperative engine cycle provides
sufficiently high temperature so that combustion is not limited by
reaction rate. As a result. the combustor exhibits acceptably small
change in efficiency, smoke, and wall temperature within the normal
variation of these fuel types.
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DISCUSSION

C. Moses, US
The anomaly shown in Figure 15 may not be real. For the shale oil JP5 and DFM you show liner temperature
increasing with hydrogen content. The change in H is too small for the range of your graph and the change in
temperature shown may just be due to normal scatter, not hydrogen content. If you had tested a fuel with 14.5
percent hydrogen content in that project as well, the temperature may well have been slightly lower giving you a
correlation line very similar to the upper line in the figure rather than with an opposite slope.

Author's Reply
Regretfully, only the two fuels were tested with the combustor configuration before the test rig and combustor
were disassembled. The data do emphasize the need for accurate measurements of temperature, hydrogen content,
and aromatics.

H.Saravanamuttoo, Ca
The application of the gas turbine to tank propulsion introduces several new operational problems. These include
extended low power operation, many power changes, and perhaps most importantly continuous operation under
conditions of heavy vehicle vibration and shock. Have these factors had any effect on engine and combustor
durability?

Author's Reply
The application of a gas turbine to a vehicular application does impose a greater number of operating cycles per
hour than an aircraft application. Moreover, the duty cycle is completely arbitrary and can contain many hours
of continuous low power operation as well as high frequency maneuvers. (But when compared to a diesel engine,
the gas turbine has been shown to be extraordinarily well suited to this application). Obviously, LCF limitations
require that the engine be overhauled at shorter operating intervals than in an aircraft application. Vibration and
shock have not been a problem.

E.Mularz, US
Please elaborate more on your Figure II which shows a peak in smoke number at an intermediate engine power
condition.

Author's Reply
This characteristic has been faithfully repeated in laboratory tests and has been observed since the engine conception,
covering all combustor designs and fuel injection techniques used in development. The peak is evident with fuels
from Gasoline to Diesel Fuel Marine. The peak does not occur close to the peak in combustor fuel air ratio (which
occurs at approximately 1200 horsepower). Variations in the amplitude of the peak generally scale with the rest
of the smoke data. The biggest change in smoke number has been found to occur with variations in combustor
inlet air temperature, increasing temperature causing a decrease in smoke. It is presumed that the shape of the

curve is different from aircraft gas turbine engine smoke characteristics because of the can-scroll design and the
recuperative cycle which delivers high inlet air temperature at low power conditions. It is hypothesized that the
effect is caused by high evaporation rates which cause locally rich burning and smoke production to occur in the
primary zone with subsequent oxidation reactions to occur the turbine, the path length is fairly long and the time
for oxidation to occur at high temperatures is considerably longer than would be present in annular combustor
designs. It is inferred therefore that the soot oxidation rate is lower than the production rate at idle but higher at
power levels beyond the peak in the curve.

p~K
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SOMMAIRE

En vue de la r~alisation d'un foyer i flux inverse pour petites turbo-
machines une Etude praliminaire a 6t6 entreprise i Ia pression atmospharique en
absence du convergent a retour, afin de permettre I'observation directe de Ia zone de
combustion et d'amfliorer la configuration initiale avant Is mise en oeuvre des
mesures appropriges.

L'emploi de cannes a pr~vaporisation a permis d'obtenir des performances
intaressantes pour le constructeur du point de vue r6partition de temparature i Is
sortie du foyer, Emissions de polluants, rendement de combustion.

DESIGN OF A COMBUSTION CHAMBERS WITH REVERSE FLOW

FOR SMALL GAS TURBINES

SUMMARY

Test bench experimentation of reverse flow combustion chambers for small gas
turbines was first oriented towards atmospheric operation in order to allow direct
observation of the flame and corresponding movie pictures.

Two different types of fuel injection were compared : mechanical pulveri-
sation and prevaporisation. The latter technique gives higher performance : better
temperature distribution, lower emission of pollutants, higher efficiency. On the
other hand, cold start seemed easier with mechanical injection. Therefore auxiliary
fuel injectors had to be used.

NOTATIONS

d longueur de dilution

debit massique

rapport de Ia vitesse de rotation A la vitesse maximale de rotation

- pression

temperature

T temperature moyenne arithaftique

TM: tempdrature maximale

TM: temp6rature maximale du profil radial aoyen

: volume du tube I flam

: traction molaire

erCO: indice d'miasion do fonoxyd* de carbone

Sociltf TURB0ECA
Travail effectui sous contrat TUOMECA.
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TtC(AY: indice d'fimission d'hydrocsrbures imbralfis

tiO : ndice d'6mission de monoxyde d'azote

iLNOX: indice d'6mission des oxydes d'azote

rapport de a~lange combustible-air

A accroissement

diam~tre

17 rendement enthalpique de combustion

0 repare angulaire de sonde

IND ICES

a air

k combustible

1 coilecteur d'air

2 entrfie foyer sauf indication contraire

3 sortie foyer

I -INTRODUCTION

Les petites turbomachines utilisfies notamment pour Is propulsion d'hailicoptares comportent un
compresseur centrifuge entratnn6 au moyen d'une turbine axiale.La sortie du compresseor, dont le dismatre
est sensiblement deux fois plus grand que celoi de Is turbine, conditionne le sisitre couple de Is
machine, et Ie volume disponible A is phriph~rie de is turbine peut 6tre utilisfi pour loger Is chambre
de combustion. Af In de rfiduire Ie porte A faux entre lea deux roues, l'ficoulement moyen dans Is chambre
de combustion subit on changement de direction figal a 180", d'oa lsppellation "foyer A flux inversag".
L'empioi dun tel foyer permet d'utiliser au mieux le volume disponible entre compresseur et turbine, 11
persist en outre un dfimontage simple du carter et du tube A flamme sans qu'll solt nficessaire de dfisac-
coupler Is turbine du compreaseur lora des rfivisions, cleat-&-dire une rfalisation modulsire du moteur.

L'gitude dWun foyer nouveau so banc d'assai comports en g6nfirai une phase initiale de miss ao
point au cours de laqoelle l'observation directe ainsi que Is cinfmatographie de Is zone de combustion
(coulaur, localisation de Ia fiamme... ) fournissent au spficialiste des fifments d'apprgicistion qui

servent de guide pour retoucher et amfiliorer la configuration initials avant is miss en oeuvre desI mesores approprifies. Dana Ie cas du foyer A flux invers6, l'observation de is flamme fitant exclue par Ia
prfisence du convergent A retoor, ii a paro souhaitable de retirer ce convergent su coors de la phse
initiale afin de permettre one observation directe de Is combustion suivant une direction parallile A1
I'axe du foyer, at per suite de commencer 1'fitude de is combustion A Is pression atmosphfirique [1). Lea
rfisultats ainsi obtenos permettent une amfiioration de Is chambre de combustion, tant en performance
(rendement de combustion) qu'en tenus du tube A flamme.

2 - FOYER A FLUX INVERSE EXPERIMENTAL.

Le desain de ce foyer, dont one demi coupe eat repraisentfie sor la figure 1, a fitf effectufi par
Is Socifitf TURBOMECA. De type annulaire, 11 comporte deux fifments principaux at distincta emboltfis l'un
dans l'sutre

- ls tube A flamms,
- at is convergent (non utilis6 lora des essais A Is pression atmosphfirique).

La tubs A flame est constito&i par l'assembiage de trois filfments distincta (virole externa,
virole interns et fond) ; difffirents perqages assurant on partage conventionnel de Ilair

- air de combustion,

- air de dilution,
- air de ref roidissement.

Lea orifices d'air de combustion at 4'air de dilution comportent des emboutin de rayons appro-
prifis. Les mul tiperforat ions permettant Is refroidissement de is virole axterne at de Ia virole internse
Cant inclinfes par rapport A is normals d'un angle &gal a 60".

La pr~parstion do mAlange combustible a *t* effectufie au mayen de Ia prfivaporisation, mais des
essas, non d~crits icl, ont 6galement iti ef fectufs avec des pulvlrisateurs mkcaniquea. Un premier tube

a f lame a 6t& 6quip6 de 8 cannes I prlvaporisation en form. de T comportant chacune deux sortie%
dirig~ea vera is cis. do foyer. La longueur des bras a fit6 diteruinte &fin qua lea jets carburta
rencontrent lee jets d'eir de combustion.

L'allusajte a 6tf obteno A pertir d'Itincelles ilectriques I haute 6nergie ;dang le s de Is

Qz~



pr~ivaporisation Valiumage ne a est r60416 possible quepn pr~sence de pulv~risateurs auxilisires all-
ment~s en kkrosllne au moyen d'un circuit spficial. La dur~e d'utilisation des pulv~risateurs auiiaires
eat gfin~ralement limt!t A quelques secondes.

3 - BANC DESSAI POUR ETUDES DE FOYERS DE PETITES TURBOMACHINES

3.1 - Essais A la pression atmosphirique

Une demi coupe schdmatique du montage es reprlsentie stir Ia figure 2 et couporte essentlel-
lement tin coilecteur d'sir de forme annulaire situE I l'ext6rieir de la chambre de combustion dont le
',olume est suffisant pour assurer Ia tranquillisation du flux. Ce collecteur eat raccord6s par l'inter-
m~diaire d'un convergent A tin distributeur d'air annulaire qui aimule Is sortie d'un compreaseur centri-
fuge. Une chemise d'eau de forme annulaire permet d'Riviter l'6chauffement de la face interne du
collecteur d'air au contact des produits de combustion. L'fividetmnent central du col'.ecteur perset
!'observation sinai que Ia cin~matographie de is zone de combustion suivant Is direction suile de
1' coulement.

3.2 - Instruments de mesure

Outre lea mesures de dfibits (sir, combustible), Ia qualification de l'6coulement isati du foyer
eat effectufie du point de vue pression, tempfirature, composition chimique, sau moyen de sondes, mobiles
autour de laxe du foyer, et qui peuvent dicrire des cerclea concentriques fiquidiatants. Ces sondes sont
iquipfies, soit de 5 prises de pression d'arrt, soit de 5 thermocouples A til nu, soit encore de 5
prises de prfilAvement d'Echantillona de ga ; elles soot disposfies radialement stir des sits profilks et
refroidia par circulation d'eai.

Lea fichantillons de gaz sont transportfis aui moyen de lignes chaufffca jtiaqu'aux analyseurs et
doefis d'une faqon continue:

- C02, CO par absorption infrarouge,
- Cx~y par Ionization de flamme,
- NOx par chesiiusinescence.

Au cours de chaque esai, ia totalitfi de l'6coulement annulaire eat explork en pression
darrft, en tempfirature et en composition chimique. Lea difffirentes mesurea sont stockfies dana lea
mfimoires d'un ordinateur et tin programme de caicul approprig assure lea dfipouillements en temps r~ei.

4 - RESULTATS D'ESSAIS

Les r~stiltats dfitallls concernent l'exploration de is section de sortie du foyer, soit en
temp~rstures, soit en concentration d'Aichantillons de ga suivant 32 rayons de rfrence rfiguli~rement
espacfis.

4.1 - Observation at photographie de la flamme

L'observationfdirecte de Is flamme a notasasent permia d'optimiser Is position longitudlnsle

des cannes ai in que Ia flamme occupe entiarement ie fond dti foyer. Un exchs oi tin dfifaut de pfinftration
des cannes dana la zone de combustion a'accompagnait d'une localisation de Ia flamme, soit aui voisinage
de ia virole interns, soit soi voisinage de Is virole externe. La figure 3 reprisente laspect de is
flamme apra optimisation de Is. position longitudinale des cannes et dons is caB dti r~gime de ralenti aui
niveai du sol.'

4.2 - Dfilai d'allumage

Le dfilai d'allumage a Aitf dfiterminA en fonction du dfibit dair ainsi qu'en fonction des ddbits
de combustible Injectfis aui moyen des pulvhrIsateurs auxilialres et des cannes A prfivaporisation. A dfibit
d'air constant, I'augmentation du dfibit de combustible , soit aui moyen des pulvfirisateurs auxiliairra,
soit aui moyen des cannes A prfivaporisation entrate une r~duction du dfilsi d'allimage. Pour tin couple de
valeurs d~termin~es des d~bits de combustible, is Meta d'allumage auguente relativement peil avec ie
dribit d'air :ii petit m~ine diminuer loraque ia valeur du d~bit d'air eat suffisante pour assurer ia

- pulvfirisation afirodynamiqie dana lea cannes.

A ia suite de i'expfirimentation effectufie, pour lea conditions normale. de dimarrage A1 is
pression atmosphfirique (aliumage flu sal), 1.1 eat possible de choisir des valeurs de dfibits de combus-
tible pour lesquelles le dfilai d'alliiage n'excAde pas 5 secondes, indipendamment de Is valeur du dibIt
d'air.

4.3 - R~partition des teapfratires A Is sortie du foyer'1 * Les relev~s de temp~ratures d'ficoulement I I& sortie dti foyer ont St6 effectuls dons tin plan
de mesure normal i i'mxe dui foyer. La figure 4 permet de aituer Is trace D de ce plan stir tin plan de
coupe oiridlen :cette traca eat reprin, par rapport A Vase de l'orif ice de dilution interne mu mayan
de Is distance d. On distingue figaiesent stir In figure 5, lea positions at la nufiros (1 a 5) des

thermocouples distant* detix I deux de 8 sillim~tres.

En absence du convergent, lee raievls do tempfratures ant tout d'abord GtG effectufis done in
section terminal* du tube A flame (d - 40 sm) ce qul correspond A une longuetir do dilution relatvement
falble par rapport A I& longuetir il.e en prisence du convergent. Al in d'appricier leoffet do co
convergent, Is tube I flame a 6t& prolongS par tine virole annulaire do 32 m do longuetir. Squivmlente

sti convergent du point do vue temps do sijour, ce qui a permis d'augaenter Ia longusur de dilution di

d1 _ _ _ _ _ _ __d m

- 'A~ . 44
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Afin d1illustrer lea principaux risultats, on a reprfsent& sur lea figures 5 et 6 deux fvo-
lutions circonf6rentielles des facteurs locaux de temperature FLT correspondent A des longueurs de
dilution de d = 40 mm (fig. 5) et d - 72 mm (fig. 6) respectivement.

Ce facteur FLT dgfini par

T3 - T

a 6tA d~terming aux ctnq rayons 7; indlqu~s sur lea figures. 11 caractfrise 1'&cart local de la
tempgrature TIL par rapport A Ia temperature moyenne -T3 rapportf i l'accroissement moyen de Ia
templrature A Ia travers6e du foyer, - 5 -_

T  
. Ce facteur a Etf dftermin6 dans le cas du niveau de

temperature maximal, soit sensiblement Ta - 1250 K et pour une valeur de Is tempsrature d'entrfe

foyer Ta - 633 K.

Lr courbes correspondsnt aux diff&rents thermocouples peuvent 6tre repfrfes par lea
diff~rents traits pr~cis~s sur le schgma annexe.

11 ressort de Ia comparaison des deux figures que lea facteurs locaux de tempEratture peuvent
9tre rfduits d'environ 50 pour cent par augmentation de la longueur de dilution (d - 40 mm A d - 72 Mi),
en particulier le FLTM (facteur local de temperature maximal) eat r6dult de 0,39 A 0,19.

L'effet de la longueur de dilution d sur lee facteurs de temperature pour lea diffErents
r~gimes du moteur simulls peut Atre r6sumsi au moyen du tableau num6rique suivant

d (m) N T2 K T3 K FLT. FGT FRT
0 06 4

40 0,6 ! 425 842 0,31 0,36 0,043

40 0,6 428 853 0,28 0,38 0,042

40 1 637 1233 0,37 0,38 0,052

40 1 637 1221 0,39 0,37 0,053

72 0,4 352 742 0,22 0,25 0,055

72 0,6 431 854 0,16 0,24 0,033

72 l 640 1195 0,17 !  0,20 0,031

172 632 1267 0,19 0,22 0,031

Lea facteurs de temp6ratures correspondent aux trois dernilres colonnes sont

- FLT : facteur local de temprature maximal -

~~~~FLTM . "

4 - T
- FGT facteur global de temphrature

T.-Tz

- FRT facteur radial de teupfrature

-RT TRM -?

La r6duction des facteura 6 tompkaturo resultant de l'augmentatton de Ia longueur do
dilution d sat plus marquGe dane I. cam du rugia maximal (N - 1) quo dons Is Ca du rigime do ralnti.
(N - 0,6), ctts r~duction sat respeetvesnt *Sale A

___ ___ __ii i
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- 53 pour cent pour le FLTh,
- 44 pour cent pour le FGT,
- 41 pour cent pour le FRT.

4.4 - Analyse des pr~livements d'ficbantillons de gaz A Ia sortie du foyer

L'analyse des fichantillona de gaz prfievis A Is sortie du foyer permet de connattre les
fractions molaires C02 , CO, CxHy (en Equivalent de CR4), NOx (en Equivalent de N02). A psrtir de
ces fractions iolaires on dfitermine lea valeurs locales du rapport de mfilange combustible, des indices
d'imiasion des polluants, du rendement enthalpique. Lea relations utilis&es pour effectuer les calculs
soot rappel~es en annexe.

a) Emissions de-221luants

Les valeurs moyennes des fractions molsires X des polluants mesurfies A is sortie du foyer
ainsi que les indices d'fimission le correspondants aux produits suivants

- monoxyde de carbone,
- hydrocarbures imbrralfs, en Equivalent de mfithane,
- oxydes d'azote, en Equivalent de bioxyde d'azote,

ant &t& repr&sentsea en fonction du rapport de miflange C( sur lea figures 7, 8 et 9.

Lea courbes en trait discontinu ainsi que lea points blancs correspondent aux fractions
molaires X, lea courbes en trait p1Cmn ainsi que lee points noire correspondent aux indices d'8imission
exprimais en gramme de pollusot par kilogramme de combustible brai. 11 reasort de l'examen de ces
figures que:

- figure 7 :l'indice d'fimission du monoxyde de carbone prfisante une valeur minimale qui correspond
approximativement A is valeur nominale du rapport de a~lange, soit Q( - 0,011 (leCO - 50 gfkg), dana
is cas do rfigime de ralenti (N - 0,6) et o( -0,022 (IeCO - 20 g/kg) dana le cas du reigime maximal
(N - 1);I

- figure B aucune trace d'hydrocarbures imbr~lfis Wes pu fitre ditectace A ls sortie du foyer dena le cas
du rfigime maximal (N - 1) ; dana Is cas des rhigimes de ralenti (N - 0,6 - N - 0.4) lee valeura de
l'indice d'6imlssion restent toujoura inffirieures A I gramme d'hydrocarburs ImbrOl& par kilograe de
combustible briOlf. (L'apparition locale d'hydrocarbures imibrOlfis caractfirise on injecteur partial-
lament bouchf);

- figure 9 :Is fraction molaire d'oxyds d'azote augments rfiguli~rement avec ls rapport de m~lange
sinai qu'avsc Is tempgrature de lVsir A l'entrhe do foyer ,is valeur correspondent so reigime maximal
(N - 1) eat figaie A 60.10-6.

Lea valeurs de i'indice d'fimission soot reapectivemsent fgsis. A 2,8 Ct 4,3 grammes de bioxyde

d'azote par kilogramme de combustible dena s leca do r~gims de ralenti (N - 0,6) et dena s leca dou

b) Bendement-de combus tion

Lea valeura moysnas arithemhtiques do reodemtent eothalpique d~termio~es I Is sortie do foyer A
parirdesvaeus lcaesont 6t6 reports our Is figure 10 den lfoncion do rapr e iiag

H , rfigime do moteur simulfi,
TLtemp4rature de l'air A 1'entrhs do foyer,
flfacteur de charge a~rodynanique.

11 ressort de Ilexamen ds cetta figure que lea rendements correspondant so

-r~gime maximal (N -1) soot Sgaox 3 0,994 et ind~pendantm du rapport dea milange o( dans le domains

- r~gime de ralenti (N - 0,6) prlsenteot one valeur smaximale 1 0,987 pour Ia valaur nominaie du
rapport de mfilange, soit at - 0,011;tI

- r~gima do dmarrage (N - 0,4) soot encore voisins doe 0,980.

I1 convient de rioter qua lee boos rendesments qui figurent ci-dessos out fitf obtanus lore d'une

exprimentat ion A Is prassion atmoaphirique, cleat-I-dire dens Is cas d'une charge ahrodynamique relati-

vement forte par rapport A calls du foyer r&i.

5 - CONCLUSIONIDana Ia cadre do Is conception Woun foyer A flux inrarsi pour petiteii turbomachinas une

premlire phase d'6tude A Ia pression atoophirique, moms convergant de retour, of in do visualiser
aisdoment to zone do combustion at do supprimer la Imperfections alos. eo 6vidence a cours des premiers

Cott* Stude & miontrG qua Ilemplot do canoes A privaportsation peruattait Ilobtention do

performance, correct.. dane un large do"main do variation des paromitres StudiS., tout part icul.irent

__ ~ ~ d point___do_____



- r~partition des tempkratures A Is sortie du foyer,
- 6mission des polluants,
- rendement de combustion.

Les difficult~s rencontrges lora de 1'allumage en pr~sence d'air frold ont pu atre surmont~es
grice 5 des pulv~risations auxiltaires.

11 faut cependant remarquer que 1'gtude effectu~e A ia pression atmosph~rique n'a pas perms
de luger de ia r~sistance thermo-m~canique du foyer ainsi que 1'efficacit& du refroldissement par multi-
perforations, aucun problime n'6tant apparu A la pression ambiante.

RE FERE NCE S

11[ - MESTRE A. et LAGAIN G.
Foyer A flux invers6pour petites turbomachines. ATMA (Association Technique Maritime et O~ro-
nautique), Paris 1983.

ANNEXE :D~finition des param~tres caract~risant lea performances des foyers.

La formulation suivante dea rfisultats d'anslyse de gaz eat utilisfie conjointement par lea
Socitfis T1JRBOMECA et SNECMA sinai que par le CEPr (Centre d'Essais des Propulseurs de Saclay).

A partir des fractions molaires

XCO2 , XCO, XCxHy en fiquivalent de CH4,

XNO, XNOx en 6quivalent de N02,

on determine successivement

1I Rapport de mfilange

-XC02 + XCO + XCXRy - 29.105

2,078 + XC02 - 0,038 XCO - XC.Hy$

2 -Polluants :indice d'fmission

28 1 + D
I eCO - XCO 103

16 1 +a,,
I eCxcHy - -XCx~y 103

30 1 +.
I eNO -XNO - 103

29 0

.146 1 +01
leNOx - XNOx - 103

29 0

3 -Rendement enthalpique

Avec

'ww I - 10-2 (AI.CO + BIeC187 + CleN01)I

A -0,0234 + 3.10-6 T2

9 - 0,1148 + 7,5.10-6 T2 + 1,5.10-8 (T2) 2

C - 0,00481 + 0,5.10-6 T2

T2 d6sianant Is tespirature an degrfis Celsius de 1'air I l'entr~e du foyer.
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Fig. 5 Repartition circonf~rentielle des facteurs locaux de temp~rature.
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DISCUSSION

G.Winterfeld, Ge
The radial temperature distribution was measured without the elbow part of the reverse flow combustor. Can you
comment on the influence of that bend on the radial temperature distribution at the entrance of the nozzle guide
vanes?

R16ponse d'Auteur
A la sortie du tube i flamnme. le profil radial moyen de temperature est relativement plat. La necessite de refroidir
le convergent au moyen de films d'air permet d'obtenir A 1ientr~e du distributeur de turbine un profil radial moyen
plus accentu6. conforme i celui souhaitd pour les aubes mobiles de la turbine.

B.Simon, Ge
For ignition, air temperature is very important. What was the air temperature during your ignition tests'

Reponse d'Auteur
Au cours des essais d'allumage, la temp~rature de l'air 6tait voisine de 245 K: le kftos~ne 6tait 6galement injecte
A la me~me temperature.
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- Th COntinuiT. cff ectivo{nes- of the vaporiser fuel iniection system is 1omonstrtt-,
in such eTnOires a- the nlimpus '3 (in Concorde), the Pegasus (in Harrir) and the, RRI-"
(in forTa.-O). Its ptenti,i is illustrated by its selection for the RB2]I-CE ,tvaTncc-'
T ,chrnl,,qy hTTmonn trair, T,n qin. hut, like other fuel injection systems, it i s-ihlect t-,
iicr.a inglv severe aemanV and dutiies resulting from the imposition of emissions
lfeni lotion, incrca inn enqin pressure ratios, and reducing fuel quality. To meet
thoes new chrtl lcne rctquirv, more detailed knowledge of the factors which determine how
Th"d , 'vice' functions. The present paper describes a spark photographic sLudy of a
'a;oriser efflix in comhutinri and non-combusting environments at pressures up to five
atmospheres. At simulated enoine idle conditions the two mechanisms of fuel heating
within the vaporiser (wall and airstream) combine to produce a highly vaporised effluN.

I NTRODr CT ION

It is widely acknowledoci that the condition of the fuel delivered to the hurning
zone is of crucial significance to the performance of a gas turbine combustor, in
particular to the production of gaseous and particulate emissions. Consequently,
Tmerous investigations of fuel injector systems have been carried out. However, with
very few exceptions (Ref I and 2), these studies have been restricted to pressure jet
and airblast atomisers operating, in the most, at ambient air conditions. The fact that
the Rolls-Royce vaporiser has not been researched in any great depth reflects its
relativ,-ly troublefree history (Ref 3 and 4), but like its competitors it is faced with
trends towards more arduous operating conditions, deterioration in fuel quality and
compliance with legislation restricting pollutant emissions. To meet these new challenges
requires more detailed knowledge of the factors which determine how the device functions
and the influence it has on the mechanical reliability of the adjacent flame-tube
structure.

It is apparent from a simple analysis of the two-phase flow through the device that
the airstream is the most likely source of heat to vaporise the fuel. An obvious effect,
therefore, of higher compressor exit temperatures is a reduction in the quantity of fuel
available for cooling the walls of the vaporiser and maintaining its mechanical integrity.
This can be offset by reducing the fraction of combustor air which is fed through the
vaporiser, but it is well established that high vaporiser air flows can contribute
considerably to the control of pollutant emissions. It would appear favourable to
achieve the situation where the last of the fuel vaporises as it leaves the vaporiser.
To ensure the optimum choice of geometric and gas dynamic parameters, the current
investigation to quantify the condition of the fuel at a vaporiser outlet in representative
conditions was undertaken. The technique chosen to characterise the efflux was high-
speed spark photography. At present this is one of the most accurate and least expensive
methods of particle analysis allowing direct measurement of the size and shape of
individual particles.

THE ANNULAR VAPORISING CHAMBER

The principal features of the modern annular vaporising chamber concept are depicted
in Figure 1. The insensitivity of combustor performance to fuel injector location and
the insensitivity of dump diffuser performance to combustor head position, sanction a
one-piece, rear-mounted construction free from sliding joints. Compatibility with dump
diffusion permits the use of a single skin combustor head which is adequately cooled by
virtue of (a) exposure to compressor efflux and (b) a fuel-rich region in the combustor
head resulting from upstream injection of the fuel by the vaporiser. In addition to
delivering the fuel to the combustor, the vaporiser helps drive primary zone recircu-
fations. T-vaporisers (Figure 2) have been chosen for recent combustors to double the
fuel input points for a given number of injectors. Fuel is divided equally between both
outlets of the vaporiser by the injector head (Figure 2). The absence of restrictions
in these fuel feed arms render this injection system free from fuel gumming and blockage
problems.

TEST HARDWARE

a) Test Unit

In order to meet the requirement of operation at all conditions between atmosphericpressure and full power, a sector was cut out from a typical combustor and fitted with
a single vaporiser and transpiration cooled side walls. A film-cooled backplate was

also fitted to achieve the required pressure drop across the combustor walls as shown
in Figure 3. To provide realistic inlet flow to the vaporiser, a reasonable representation



, f ,r, Iiff or at ,I um|p ene metrv wa nnce- -ary. To i tis fy % hi roq ri r ,'cri, i cu re.
c r-r .ti Uh I llmo ith ent r% (to oiv unifor flow and provide , rteans )f 5 1 K,

0:-r, mrerT wa rinitactured.

A p1,cia l feature" of the model was the si ht-tubes to provide optical acc' t, he
vaiiiar i or efflu\- zone. Thir size was determined by the space available bl t.eon the
,-,nlt,u-ttr wa] 1 featurc. Their posit ion was chosen to alion with the Of flu t rio),] one
,rr, of the T-vaporiser, but at the same time to minimise oabstruction to the wall feat,

i!, part ic,ilar the primary poris) and disruption of the burning pattern within the urni.
I 'l i . -.V i .s *- the' 1le.; tul, wallI- a- M i-a I. -4. Tf - -- ,i

-sit eutering the sight-tubes, holes were drilled in their leadino edges to allow a
plircinci flow of cool supply air throigh them into the combustion chamber.

Fuel was supplied to the model from a single, modified injector. The modification
did nut influence the fuel jet trajectory or the pressure drop. Ignition wts achieved
I "1t l i- nii' , oI. I to'r hi h ) e l ntet, -4 the anr i, vi,, a t rans il " v 1 - %,,, I I

The unit was housed in high-pressure ducting with an outer casing simulation as
-% ,. iri F1iurte . Suprasil quartz windows, aligned with the sight-tubes on the combustor,
permitted optical access.

h) The Photographic System

The design procedure used in arriving at the optical arrangement employed in this
study is summarised in Appendix 1 and a schematic representation of the system is shown
it Fi'oure 4. Illumination was provided by a Lunartron Argon Jet Light Source which
produced a spark of approximately 300 ns duration. The internal optics of this device
gave an in-focus image of the electrodes at a pinhole aperture in the end casing. A
100 mm focal length lens, used in conjunction with an aperture of 1.63 mm diameter,
provided a parallel beam of light which passed through the sight-tubes of the model. The
reui,n illuminated is circled in Figure 3. The camera lens focussed images of droplets
in the plane of the film, the droplets appearing as dark regions on a white background.
The prints in this paper show a magnification of approximately four. To achieve best
economy of running time, a Hasselblad camera equipped with a 150 mm lens and an automatic
bellows extension was used. This permitted 24 frames to be taken remotely. The camera
shutter and spark source were synchronised. At certain conditions, the luminosity
of the flame was such that reaction was occurring between the film and the combustion
flame. With the camera already operating at the maximum shutter speed of 1/5OO s, the
use of an optical filter was necessary to obviate this phenomenon. A Wratten filter,
type 47B, was found most suitable.

The light source and camera were mounted on individual optical rails and enclosed in
protective boxes, flameproofed by a regulated supply of clean, dry air. The boxes were
extended as cylinders surrounding the window bosses on the model ducting, with a clearance
to ensure that a large proportion of the purging air flowed around the windows and prevented
contamination of optical surfaces by rig-generated moisture.

TEST PROCEDURES

Tests were carried out, with and without combustion, and a control experiment with
airflows at different temperatures was also completed. Cold fuel (288K) was used
throughout the investigation.

Photographs were taken before and after each test. These revealed that sooting of
the windows was minimal and was having no deleterious effect upon the technique. However,
the windows were cleaned with water and methylated spirits between tests to avoid
accumulation of deposits.

RESULTS AND DISCUSSION

Phase 1 - Tests at 30 psia

Combusting - Effect of Air/Fuel Ratio (AFR)

The first test at this pressure revealed the effect of vaporiser AFR on the condition
of the fuel in the efflux. At an AFR of 6:1 (Plate la) very few droplets are in evidence
and the bulk of the fuel would appear vaporised. The cellular background in this
photograph is attributed to inhomogeneities due to fuel vapour. Subsequent tests with
high inlet air temperatures and no combustion (discussed below) support this claim. In
addition similar effects have been observed at AERE Harwell in spark photographs of
high temperature diesel sprays where high degrees of vaporisation have otherwise been
shown.

It is important to stress that the fact that droplets can be seen in this efflux
demonstrates that there is not an obscuration problem. The progressive decrease in the
degree of vaporisation (increase in droplet density) observed as the fuel flow is increased
(Plate 1b, c and d) is further evidence that, if droplets exist in the efflux, this
technique is capable of exposing them. There is of course a limit to the size of droplets
that can be detected by this technique in combusting environments. It would appear that
different limits apply to different types of flames. Chigier claims detection of
particles down to 5 pm in diameter in kerosene flames (Ref 5) whereas, in the nighly
luminous diesel spray flames studied at Harwell, a limit of 30pm has been set. Analysis
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C,, a tiq - Eff t f Inlet Air Temperature (TA)

n thi \-t thi sinlet air temperature was varied in the range 451-'21K. d Riare rr,
,. ircr ,, ti line with the temperature to give a constant APR throuihout the test.

Ai AFW f i : wa" considred sui table since this condition, already observed at 4 'K
(Plat, 1), rf vdri ample scop;e for improvements in vaporisation levels. Thi, ffx,cl Ai

inlet air iimpuerature is demonstrated in Plate 3. A marked increase in the 'egree -'f
vtAporisati,n is observed as the temperature is raised to 523K and further increa-en
in t,>mperattr are reflected in progressively improved vaporisation levels unt ii
l iyiI fuel is detected in the efflux. This occurs at a temperature of -2'K.

Al t bough it is mentioned above that the two mechanisms of fuel heati ng ca ,n W,
separatet (since increasing the inlet air temperature will increase primary-iot'.
temperatures and hence vaporiser wall temperatures) the substantial improvem mi ii
vapri"atinn observed in going from 453-523K is far beyond that which woul'd be ir-Aali'>
about by a 7O degree increase in primary zone temperature. This implies intimate an11tacT
between fuel and air (high levels of premixing) within the vaporiser conqiderino the
short residence times ipvolved (1 ms). In an attempt to quantify the efficiency oAf fel
heating by this mechanism a series of non-combusting tests were undertaken.

Non-combusting - Effect of Inlet Air Temperature over a Range of AERs

These tests were carried out in the absence of combustion in order to minimise fuel
heating due to contact with the vaporiser walls and show the effect of inlet air
temperature over a range of APRs. Air temperature was varied in the range 43-6-K ant,
asn the previous series, the air pressure was increased in line with temperature to
give " constant mass flow. At each setting fuel flow wan varied to cover the range of

AFRs Q-6). The trends observed, as exemplified in Plate 4, demonstrate the sensitivity
of the degree of vaporisation to air temperature and provide further evidence of the,
significance of this mechanism of fuel heating.

Calorimetric calculations based upon these results show that to fully vaporise the
fuel (delivered cold), the heat energy of the airstream must be of the order of 2.7
times that required to do so, ie this mechanism of fuel heating would appear 4c)-4 , per
cent efficient. At realistic engine running conditions this efficiency should incrias,
due to hi "er fuel delivery temperatures (approximately 420K) and the lesser significac,
of latent heat effects.

It was concluded in an earlier section that vaporised fuel was giving rise to the
inhomogeneities causing the cellular structure of some photographs. The fact that thue
same effect is present in these tests with no combustion is proof of this point.

Phase 2 - Tests at 55 psia

Combusting - Effect of AFR

A lbc, Fngine idle conditions were simulated with the exception of the fuel delivery
temperature. At the representative APR of 6:K (Plate 5a) the fuel appears to he highly
vaporisd with no droplets observed in the efflux. This result, although somewhat
unexpected, is accountable for in terms of the two mechanisms of fuel heating within it,'

vapori ser.

Calculations show that approximately 20 per cent of the fuel will he evaporated by
heat transfer from the vaporiser walls. To achieve complete evaporation would require
opprnximately 45 per cent of the heat available in the airstrem to he transferred to
the fuel. In light of the efficiencies reported above for this mechanism, a high
degree of vaporisation would he expected. At true engine idle conditions where the fuel
delivery temperature is much higher, full vaporisation should easily be accomplished.

The technique is able to detect the very high frequency variations to which all fuel
injectors and combustors are subjected; to obtain a good account of the average situation,
tip to 25 photographs were taken at each test condition. At idle no photograph showed
unvaporised fuel.
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A- e'c'ected, the degree of vaporisation decreased as the fuel flow was increased.
(Plate h, c anI d). The fact that droplets are clearly detected at an AFR of 5:1 is
oncouraging in that the heat transfer calculations reported above showed the APR 6:1
condition to be marginal regarding full vaporisation.

The photographs presented so far were taken with the focal plane in the centre of the
efflux. A traverse of the vaporiser outlet in 2 mm steps demonstrated that the high
degree of vaporisation applies to he entire efflux. Laboratory tests prior to riq
running revealed that such intervals would give comprehensive coverage of the outlet.

Non-combusting

More evidence of the significance to vaporiser performance of heat removal from the
walls by the fuel, was obtained in further tests comparing combustinc and non-combusting
offluxes.

A control experiment (in the absence of fuel) was carried out to determine whether
inhomogeneities due to turbulence in the airstream were in any way responsible for the
cellular structure of the efflux. Air temperature was varied in the range 3

7
3-673K.

Results showrel that no contribution to the appearance of the photographs is made by the
airflow.

Phase 3 - Tests at 75 psia

Combusting - Effect of AFR

At a vaporiser AFR of 6:1, no droplets are detected in the efflux. This result is in
line with the prediction based upon the empirical rules derived above as is the fact that
unvaporised fuel is observed when fuel flow is increased to give an AFR of 4:1.

CONCLUSIONS

Spark photography has been applied successfully to the study of fuel condition at a
vaporiser outlet in combusting and non-combusting conditions. The technique has been
demonstrated to be capable of detecting droplets as small as 20pm in diameter in
combusting environments typical of annular vaporising flame-tubes. Although it is
probable that smaller droplets exist in the vaporiser efflux at certain conditions,
investigations have shown that they burn as would a completely vaporised mixture (Ref 6).

Contrary to international opinion, high degrees of prevaporisation are achieved
within the vaporiser at realistic engine conditions. These observations are consistent,
however, with the work of Vezhba (Ref 2). In a series of phase discrimination studies
he measured degrees of vaporisation of the order of 90 per cent for both L-shaped and
co-axial vaporising elements operating at conditions similar to those of the engine idle
in the current investigation.

The efficient premixing of the fuel and air and the high fuel evaporation levels

occurring within the vaporiser help to explain the low emission performance of the
annular vaporising chamber.

If the empirical rules derived above apply to higher power conditions, fully vaporised
effluxes will be typical of vaporiser performance.
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APPENDIX 1

OPTICAL SYSTEM

The Lens

Using a 150 mm focal length lens and the standard lens formula

1 1 1

where F is the focal length, u is object distance and v the image distance

it was calculated that the distance between the camera lens and the plane of interest in
the model should be 275 mm. The resulting image will be in focus on a plate 330 mm
from the lens giving a magnification v of 1.2.

u

In order to varv. the position of the plane in the model to be photographed, both the
lens and the camera back are moved together to maintain the same overall optical
arrangement and produce consistent magnification.

The Aperture

The size of aperture together with the focal length of the lens in use defines the
depth of field which is achieved, ie the depth which will produce images which are in
focus on the film. In this study, where a small depth of field is desirable, the
largest possible aperture - that provided by the sight-tubes of the model (23.4 mm) -
was chosen.

The depth of field is defined as the difference between the lens Near Point and Far
Point. These in turn are given by the following equation:

Near Point = Fu (F + cN)

P2 + ucN I
Far Point = PF-cN)

P - ucN

where F = focal length of overall lens system
u = object distance
N = relative aperture (F number)
c = diameter of circle of confusion

The circle of confusion of an image is the circle produced by a point object when
nominally in focus. If it is assumed that the smallest droplet to be measured is 20 pm,
then the image size for the 'Hasselblad' camera becomes 1.2 x 20 um = 0.024 mm.

Now let the diameter of the circle of confusion be 10 per cent of this minimumdroplet size,

ie c = 0.0024 mm

Thus for P = 150 mm
u = 275 mm 1

Aperture diameter = 23.4 mm giving N = = 6.41

and c = 0.0024 mm

Near Point = 274.976
Far Point = 275.023

Depth of Field - 0.05 mmi ,
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(a) APR =6: 1 (b) APR =5: 1

j(c) AFR =4:1 (d) APR 3:1

1Plate 1 Combustion at 30 psia (T3 =453K) -Effect of APR



(a) AR 6:1 (C)(b) AR 6:1-(N)

(a) APR 6:1, (C) (d) APR 6:1, (NC)

Plate 2 Combustion (C) versus non-combustion (NC) at 30 psia (Tr3 =453K)
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(a) T3 = 453K (b) T3 = 523K

(c) T3 = 623K (d) T3 = 723K

Plate 3 Combustion at 30 psia (APR 31l) - Effect of T3

* 1
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(a) APR = 5:1, T3 = 473K (b) APR = 5:1, T3 = 573K

oI

(c) APR = 5:1, T3 = 673K (d) APR = 4:1, T3 = 473K

['I

(e) APR =4:1, T3 -573K (f) APR 4:1l, T13 =673K

Plate 4 Non-combustion at 30 psia - Effect of AFR, T3
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(a) AFR : 6:1 (b) AFR = 5:1

.4.

(c) AFR - 4:1 (d) AFR = 3:1

Plate 5 Combustion at 55 psia (T3 = 453K) - Effect of AFR
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EFFECTS OF AIRBLAST ATOMIZER DESIGN UPON SPRAY QUALITY
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SUMMARY

This paper reviews the results of numerous investigations that have been conducted on airblast
atomization as applied to gas turbine engines. The primary motivation for this is the need to identify
the effect that various design features have upon the spray quality so that atomizers of optimum perfor-
mance can be designed with a minimum of cost and complexity. Attention is focused upon such factors as
the atomizer scale, configuration, the nature of fuel preparation before exposure to air, etc, for the
most commonly used pre-filming and plain-jet airblast atomizers. The experimental mean drop size data
included in this paper has been obtained through the use of well-established laser light-scattering tech-
niques over a wide range of conditions. The general conclusion drawn from the data that is currently
available is that the plain-jet airblast atomizers featuring multiple, transversely injected liquid jets
into a swirling airstream yield spray quality .omparable to that achieved by their pre-filming counterparts
especially under high air pressure conditions.

LIST OF SYMBOLS

SMD = Sauter Mean Diameter, micron or m
V . Velocity, m/s

',; - diameter, m, or mm or cm.
AP
T - = Atomizer air pressure drop, percent

P = Pressure, atmosphere
AFR - air-to-fuel mass ratio
ALR - air-to-liquid mass ratio

P . density, kg/m
3

o - surface tension, N/m
) . absolute viscosity, Ns/m

2

a,8 . liquid injection angle
y - swirler vane outlet angle
t - film thickness (liquid), micron
T - temperature, OK

Subscripts

a . air
- liquid

o = orifice (injection)
p - pre-filmer

- jet (liquid)

INTRODUCTION

The quality of fuel preparation is now generally acknowledged to be of considerable importance in many
key aspects of gas turbine combustor performance - notably for its influence upon such characteristics as

* ignition (sea level/altitude relight), efficiency and stability, temperature traverse quality, levels of
smoke and other pollutants, levels of flame radiation and the inter-related issue of liner durability.

-Possible degradation in the quality of the gas turbine fuels is going to require a greater degree of fuel
flexibility/multi-fuel capability from the combustors/fuel injectors of the future. Furthermore, the
continuing trend towards gas turbines of higher Fompression ratio requires satisfactory fuel preparation
over a far wider range of air pressures/temperatures as well as fuel flows than at present. In addition,
there has been, for some time now, pressure to restrict the emission of gas turbine generated exhaust
pollutants, and it seems unlikely that this pressure will be significantly relaxed in the near future.
The attainment of effective fuel preparation has assumed added importance in order to achieve satisfactory
combustion-pollution performance. In the light of this, the detailed performance characteristics of a
variety of gas turbine fuel injection systems have been investigated over the years. The quality of
atomization, as indicated by the sizes of the drops produced by a given injector following the fuel dis-
integration, has been the main feature under examination in most of these investieations in order to
relate it to the injector design/operating conditions as well as fuel properties.

The superior combustion-pollution performance of the airblast atomizer relative to the conventional
pressure atomizer is now well established (Ref.1) and this has led to its widespread adoption in the
modern, high-pressure ratio gas turbine. The airblast atomizer spray is finer in character due to the
intimate mixing of fuel and air achieved as an integral part of the atomization process. This yields a
flame of low luminosity and soot, thus resulting in relatively cooler liner walls and a minimum of
exhaust smoke. Furthermore, the placement of the fuel droplets in the burning zone is dictated mainly
by the airflow pattern - being almost insensitive to the fuel flow variations. Consequently, airblast
atomizers offer an important practical advantage from the viewpoint of nozzle guide vane/turbine blade
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life development in that the outlet temperature profile of the combustor efflux gases is sensibly constant
under all operating conditions and consequently may be predicted satisfactorily from experiments conducted
at convenient operating conditions, such as lower levels of combustor pressure.

From amongst the many diverse geometrical configurations investigated by the different researchers
over the years, two specific types of airblast atomizers appear to stand out clearly - namely the pre-
filming and the plain-jet types. This is due to the extensive research that they have been subjected to,
thus reflecting the interest in them from the -as turbine applications viewpoint. In common with all
other forms of airblast atomizers, they utilise high velocity air for the purposes of disintegrating a
relatively slow moving liquid stream. There are two main differences between the pre-filming and the
plain-jet airblast atomizers. The first one relates to the extent of fuel preparation prior to its
exposure to the shearing action of high velocity air, while the second one relates to the air flow passage
arrangement/configuration and the intimacy of the resulting fuel and air contact. In the pre-filming
arrangement, researched extensively by Lefebvre and his co-workers (2,3), the fuel is first spread into a
thin, continuous annular sheet on a surface known as the pre-filming surface before exposure to two high
velocity airstreams. Intimate fuel and air contact is achieved by arranging for the two airflows to
'sandwich' the thin fuel sheet. In the plain-jet arrangement, however, the fuel is not pre-filmed into
a thin sheet but instead discharged in the form of one or more, discrete, circular jets. These jets
of fuel undergo disintegration in-flight in a single airstream, usually provided by a conventional
swirler (4). The intimacy of fuel and air contact achieved in this arrangement is related to the swirler/
fuel orifice variables.

The purpose of this paper is to outline the present state of knowledge with regard to the fundamental
design aspects of airblast atomization, as applied to gas turbines, by bringing together the findings of
numerous research studies, especially those conducted during the last decade or so. The primary motivation
for this is the need for a thorough understanding of the mechanics of airblast atomization so that
atomizers of optimum performance can be designed with a minimum of cost and complexity. Clearly, in a
situation of this kind where results have been brought together from a variety of diverse sources, there
is the possibility of differences arising with regard to the actual details, for example the use of
different drop size measuring techniques, the adoption of different mean drop size definitions, etc.
Since this paper is addressing the design aspects of airblast atomizers, special care has been taken to
ensure that the comparisons utilised herein are meaningful and valid.

ATOMIZER DETAILS

The conceptual details of the various airblast atomizers included in this study are illustrated in
Figure I. The evolution of the pre-filming type is covered by configurations of Figure 1(a) through to
l(e) with configuration l(f) being a specially designed, two-dimensional flat sheet, research atomizer
of the same family. The different plain-jet configurations that have been investigated are depicted in

Figure l(g) through to 1(9).

Configurations l(a) and l(b) show two of the early designs of pre-filming types of atomizers. In con-
figuration l(a), due to Bennet (5),fuel was given a swirl and made to flowover the face and edge of a disc
located in a high velocity airstream. The resulting spray quality, assessed through the coated slide
technique, was poor due to the problems of wall-wetting and non-uniform liquid film distribution. Of the
four different configurations examined by Lefebvre and Miller (6), the one shown in Figure 1(b) was found
to be the best. A swirl chamber, connected to the fuel feed tube through four radial spokes, was used

for the purposes of pre-filming the fuel. The swirl chamber featured a shroud to enable the liquid sheet
to develop without interference from the airflow. The problems of wall-wetting that had been experienced
with the earlier designs had been eliminated by keeping the droplets airborne through the deployment of
air on both sides of the fuel film. This 'sandwiching' of the fuel film was also conducive to the
attainment of intimate physical contact between the fuel and airstreams, the importance of which from
atomization performance viewpoint had previously been highlighted by Gretzinger and Marshall (7).
Lefebvre and Miller also recognised the importance of minimising the liquid film thickness as well as
that of exposing the liquid film to the shearing action of air on both sides at the point of maximum
air velocity.

The configuration of Figure 1(c), featuring a diverging pre-filming arrangement culminating in a sharp
lip combined with the somewhat more aerodynamically streamlined air passages (inner as well as outer), was
found to yield the best atomization performance from amongst the various different designs studied in
Reference 8. The sharp-lipped, diverging pre-filmer geometry was found to be more successful in achieving
fuel detachment by centrifugal action. This resulted from the use of swirl slots, introduced in an

attempt to obtain an even fuel film, in feeding the fuel on to the pre-filming surface.

This basic sharp edged, diverging pre-filmer geometry was retained in the configuration of Figure l(d)
(Refs.2,3). The main difference between this arrangement and its predecessor relates to the shape of the
air passages - those of Figure 1(d) being somewhat more streamlined than of Figure l(c). Another variant
of this pre-filming atomizer family, shown in Figure l(e), (Ref.9), uses a parallel pre-filming surface
with a less sharp lip combined with the deployment of a swirler for the inner as well as the outer air-
streams. A somewhat similar 'sandwiching' of the annular fuel sheet between two, swirling airstreams is
also discussed in Reference 1. In the main Reference l and 9 differ with regard to the shape of the pre-
filming surface - a diverging surface in Reference 1 (similar to that of Figure l(d) ) in contrast to the

parallel surface of Reference 9.

The atomizer configuration shown in Figure l(f) is a flat sheet, two-dimensional airblast atomizer that
was specially designed by Rizk and Lefebvre (Ref.lO) in an attempt to examine the effect of initial liquid

film thickness upon atomization quality. The thickness of the liquid film generated by the pre-filming
arrangement is, clearly, one of the fundamental features of this type of atomizer and consequently one
that needs to be correlated adequately with the mean drop size.
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Nukiyama and Tanasawa (ref.ll) conducted the first major airblast atomization study using the plain-jet
configuration of Figure l(g). In this arrangement the liquid is injected in the form of a circular jet
into a co-axial, co-flowing, high velocity airstream. This form of atomizer has been the subject of
several further studies (Refs.12, 13, 14), because of its very simple design. Another simple form of
plain-jet atomizer that has been examined in some detail (Refs. 11, 13, 15, 16) comprises the transverse
injection of a circular, liquid jet into a high velocity, axial airstream as illustrated in Figure 1(h).
The effect of injecting the liquid jet in a direction other than the transverse or co-axial had, up until
recentl., not been examined. By comparing the data from different atomizers, Rizk and Lefebvre (Ref.17)
attempted to identify qualitatively the effect of liquid jet injection angle upon drop size. However,
Hussein et al (Ref.18) conducted detailed experiments using the configuration shom in Figure l(i). Th,
injection angle (2:) of the circular liquid jet was varied over the 30 to 90 degree range.

The plain-jet atomizer designs discussed so far have comprised the injection of single/multiple liquid
jets into a non-swirling airstream. The configuration shown in Figure l("), comprising several radially-
drilled holes for the injection of liquid in the form of discrete jets into a single high-velocity
swirling airstream, was first investigated by Jasuja (Ref.4). This type of atomizer, due to its
relatively simple nature (requiring only a swirler and some plain, circular holes), has since been studied
in some depth (Refs. 13, 19, 20). The configuration illustrated in Figure l(k) shows two of the key
variables that influence the design and performance of this type of atomizer - notably the swirler geometry
and the injection orifice orientation. Hussein (Ref.20) has recently examined in some detail the effect of
swirler geometry, particularly the vane type (both straight and curved) and its outlet angle y, upon the
drop size performance. The influence of the liquid orifice orientation, a., upon drop size has been
studied by Shaw (Ref.21). Clearly, the motivation for optimizing the design of this type of atomizer is
the need to deploy the available air in the most effective manner, thus achieving the best possible level
of atomization performance. In the arrangement depicted in Figure I( ), the liquid is injected through
several circular holes on to the concave surface of a splash cone located downstream of an air swirler.
On emerging from the splash cone, the liquid is picked up by a single, high velocity, swirling airstream.
The addition of a splash cone, to what is basically a configuration similar to that of Figure l(j), has
been observed to yield generally poor atomization performance (Refs. 15,22).

EXPERIENTAL DETAILS

The pro-filming and the plain-jet airblast atomizers have been extesiv, 1v studied und.r atmospheri> a5
well as high air pressure conditions at the Cranfield laboratories. A slomati, irrang,tnt t i. eiigh
pressuire test facility is shown in Figure 2. The pressure chamber. insid, wich the at,,rizir is ioatoi,

features windows for laser beam access to enable the measurement of the spray S . Tibe itp size 1,it ,
obtained largely at Cranfield, was collected through the use of well-established laser i t-s utt.ring
techniques. The Cranfield technique, described in Reference !,,* is an extension of that div, ocmed hy

Dobbins et al (Ref.23) and is shown schematically in Figure i. Standard labrat,,rv pro"edurs wire
adopted for fuel and air mass flow measurements. The test flids featured in this studv at aIer(- =O.0010, c=O.O735, = lOOO), kerosine (n i

O
.

O
013, o =0.027 , . = 784), gas oil (. i). .- = .,.,

= 846) and a 55% residual fuel oil (RFO), 457 gas oil (GO) blend (- =C.0le at h0 C working temperature,
0.0331, c = 913).

RESULTS

This paper is devoted to a consideration of the effect that various design parameters have upon the
airblast atomizer performance and consequently, the effect of operating variables such as the air pressure/
temperature, the fuel viscosity, etc, will not be discussed directly. The pre-filming airblast atomizer

is examined first, in view of its more widespread usage, followed by the plain-jet type.

Since airblast atomization relies upon the airstream momentum for fuel disintegration, the air-to-fuel

(liquid) mass ratio would clearly seem to be an important variable influencing the spray quality.
Deficiency of air would result in failure to overcome the viscous/surface tension forces that are resisting
liquid disintegration where as an excess of air may result in some of the air not actually participating
in the liquid break up due to its physical remoteness. Clearly the size of the air passages (and hence
the atomizer bulk/weight) is related to the air mass flow requirement. It has been suggested in
Reference 3 that to achieve optimum performance pre-filming atomizers should be designed to operate with
an ALR in the 3 to 5 range. Figure 4, taken from Reference 24, shows the effect of atomizer AFR upon S.D
for a range of ambient air pressures when using the pre-filming configuration of Figure 1(c). It is clear
from this figure that the atomizer AFR effect is relatively weak for air pressures exceeding 3 atmospheres
and atomizers designed with an AFR of 2 will give almost as good a drop size performance as atomizers
designed with an AFR of 5. Over-sized atomizers are clearly undesirable from air requirement ,space,
weight and cost considerations.

Engineers are continually faced with the demand to design gas turbine combustors that will operate
effectively with a minimum of air pressure drop. This in turn requires careful attention to the detailed
aerodynamics of the atomizer air flow passages in order to minimise pressure losses and hence obtain the
best possible level of atomization quality. Figure 5 shows the influence that atomizer air pressure drop
has upon the spray quality of the pre-filming configuration of Figure 1(a). Clearly, the higher the avail-
able air pressure drop, the superior the atomization performance although the degree of this superiority

_can be seen to diminish somewhat at higher ambient air pressures. The design philosophy behind the
configurations (c) and (d) of Figure 1 has been to utilise, as much of the available air pressure drop as
is practicable in obtaining the highest possible air velocity in the plane of the pre-filmer lip. An
alternative approach (Ref.9) makes use of swirlers, see configuration of Figure l(e), in the inner as well
as the outer air flow passages. The use of swirlers is clearly going to impose additional air pressure
drop, but to what extent this is effectively countered through greater intimacy of fuel and air contact
and, therefore, better momentum interchange is not evident from the currently available drop size data
on the pre-filming atomizer.

The physical scale of the pre-filmer/atomizer is clearly another key design parameter influencing the
atomizer performance through its effect upon the thickness of the annular liquid sheet generated at the
pre-filming surface. Using the basic configuration of Figure l(d), El-Shanawany and Lefebvre (Ref.3)

A i l l I I l i - -H :



12-4

examined the effect of atomizer scale upon mean drop size by conducting tests on three geometrically similar
injectors with cross-sectional areas in the ratio of 1:4:16. The results obtained by them, see Figure e,
indicate that a simultaneous increase in the atomizer overall characteristic size as well as the pre-filmer
lip diameter I. has an adverse influence upon the spray quality in accordance with the relationship

'r .. The influence upon drop size of a change in the pre-filmer lip diameter alone for a given
overall characteristic size of atomizer is something which does not appear to have been examined so far.
Intuitively, the bigger pre-filmer lip diameter should yield a thinner liquid annular sheet with a possible
improvement in atomization performance.

Despite the extensive research on the pre-filming airblast atomizer over the last two decades, very
little is known as regards the thickness/evenness of the annular liquid sheet generated _y the pre-filming
device. This is largely due to the difficulties associated with the measurement of very thin liquid sieets
in a complex geometry. The importance of liquid sheet thickness has been recognised for some time now and
this prompted Rizk and Lefebvre (Ref.lO) to carry out experiments in an attempt to correlate it with the
spray mean drop size, They used an atomizer specially designed to deliver two-dimensional, flat, liquid
sheets through a discharge slot of known width (see Figure 1(f)). The results obtained by them, shown in
Figure 7, confirmed that thin liquid sheets yield lower spray mean drop sizes in accordance with tin
relationship SM4D - t where : takes the values of 0.4 and 0.55 for low and high viscosity liquids res-
pectively.

The main difference between the plain-jet configurations (g), (h) and i) of Figure 1 is that relating
to the angular orientation of the fuel injection orifice. This in turn is likely to influence the jet
trajectory and its interaction with the surrounding air. Figure 8 provides a quantitative insight into
the effect of liquid jet injection angle 5 :, (see Figure l(i)) upon mean drop size for a range of airstream
velocities. As can be seen clearly from this figure the transverse injection case (i.e.:> = 90 ) results
in the smallest mean drop size. In Reference 18, C,;, was varied in the 30 to 90 degree range out since
the trend is well-established it can be confidently extrapolated to cover the 5. = 0 case (i.e. the
co-axial, co-flowing case). The marked superiority of the transverse liquid injection, relative to the
co-axial, co-flowing case was observed by Ingebo (Ref.13) too, and is considered to be a reflection of the
more intense air-to-fuel physical contact. This is borne out by the results of Figure 9 wherein the
penetration/spatial spread characteristics of the liquid jet are plotted against the injection angle for
a range of airstream velocities. In the co-axial, co-flowing case (2: = 0) the liquid jet and the air-
stream are moving parallel to each other and consequently the disintegrating liquid jet is likely to be
in contact with the same air streamlines all the time - streamlines that are rogressively being depleted
of energy. The injection of liquid transverse to the air flow (i.e. o 90

) 
gives maximum jet pene-

tration and consequently allows a greater degree of air entrainment which in turn yields a more intimate
fuel-to-air intera, tin. It should be pointed out here that the results shown in Figures 8 and 9 relate to
the behaviour of a single jet in a square duct (Ref.18) supplied with a non-swirling airstream
(i.e. configuration of Figure 1(i)).

The effect of liquid injection angle for a complete atomizer of the type shown in Figure 1k) has
rce,- lv ,een re-p.rted inl i -, . , . typic.l set f results is sbown in Figure 10. These results
indicate that the transverse injection of liquid (i.e. so = 0 C, note a0 = 90 - .,-_) from an array ef
orif swould result in superior spray quality relative to the co-axial, co-flowing case (i.e. c = PO-)
even in a swirling airstream. Also investigated in this study was the effect of injecting liquid in an
upstreim direction (i.e. to = -15- and - 300) . It seems that the atomization performance can be
improved further, especially at low airstream velocities, by utilising the upstream injection configu-
ration.

Many plain-jet atomization research studies have used the size of the fuel injection orifice as the
characteristic dimension for the purposes of developing mean drop size correlations. Figure I1 illus-

trates the adverse influence that an increase in injection orifice size has upon the spray quality for ahigh-viscosity liquid. Although not reported here, a somewhat similar trend has I en established for
low-viscosity liquids as well (Ref.16). The available evidence seems to suggest that SMD 1, ,re an
average value of t is about O.5. An additional factor whose influence is inter-related to the of
the liquid orifice, is the velocity at which the liquid is injected into the airstream - smaller
size requiring higher injection velocity and viceversa. It is well known that airblast systems ope.
with low fuel pressures/velocities and an examination of Figure 12 shows that the liquid injection
velocity has very little effect upon the resulting mean drop size.

A k-y component of the atomizer configurations (j), (k) and (:) illustrated in Figure 1 is the air
swirler. Although the swirlers have been in use for some time now, their usefulness in promoting more
effective atomization quality has not been thoroughly investigated. Indeed it has been suggested thot
their use may in fact be detrimental to the attainment of good atomization performance. Ingebo (Ref.13)
carried our a series of experiments using a 700 blade-angle air swirler and his results for the co-axial,
co-flowing and the transverse liquid injection cases are shown in Figures 13 and 14 respectively. They
clearly show that the use of an air swirler results in a marked improvement in the spray quality for both
the configurations. Further experimental evidence regarding the influence of swirler geometry upon drop
size has been recently obtained at Cranfield (Ref.20) as a part of an on-going research programme in
plain-jet airblast atomization. The main swirler geometry variables that have been studied relate to the
vane saape (straight or curved) and the vane outlet angle y (see Figure l(k)). Figure 15 shows a
typical velocity profile at the outlet of a 450 curved-vane air swirler obtained with a standard cobra
probe. Information of this kind is useful when attempting to optimize the atomizer geometry because it
enables the liquid injection orifice to be oriented in a manner that encourages maximum physical contact
between the liquid and air. Figure 16 illuctrates the effect upon spray quality of an air swirler and its
geometry for a transversely injected liquid jet. The mean drop size values are plotted against the
experimentally measured axial velocities at the exit of four different air swirler configurations - namely
the curved vane type with 30, 45 and 60" outlet angle and a 300 flat vane type. Also included is the
non-swirling air configuration for the purposes of comparison. The use of air swirlers is clearly
improving the spray quality - curved vane swirlers facilitating a greater degree of improvement relative
to their flat vane counterpart. Furthermore, the 600 outlet angle curved vane configuration is yielding
the beat atomization performance. What is not evident from this figure is the level of air pressure



,!rop introdun' d b% !ifiI ro. t swirler configurations. From a cmibstor de, ein vi,,, iiat ,  r t
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* Ic V< d ,'an' out I t ng 1, tnht, iil er the air pressure drop requirement. In other ',

rr, s ii c,r wh ii st provi 1 ug the best spray quality also, introduces te hiinst i- i ,r, ur,
r'p. It s a o I t irom tie Lita that curved vanes introduce less pr,_s'llr,, Jr,'p rclativv tc i t'
lat -,nI. It is W ear ,rom ti. loregoine discussion that although tie lse of a swirIer is fac ilitalti
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It is perhaps worth pointing out here that the general trends os rep ards the effect 011 ato:mIZer Iir
preslre drp (and atomizer AFR) upon drop size are similar for the plain-jet and th, pre- ili' tipn -

tI : rbl st atomizer.

Comparativte Performance of the Two Types of Airblast Atomizers

It is possible to provide a comparative assessment of the pre--filming and the plain-jet airlast atozi-
zers by bringing together the results of some comparable studies. Such a comparison is clearly of
interest and value to the combustion engineer involved in atomizer design and performance but must be
carried out carefully if variations specific to particular tests and techniques are not te inisire mis-
leading conclusions.

Figure 17 facilitates a comparison under atmospheric pressure conditions between the co-axial, co-
flowing plain-jet configuration (of Figure l(g) investigated by Lorenzetto and Lefebvre (Ref12) and th,
pre-filming configuration (of Figure l(d)) studied by Rizkalla and Lefebvre (Ref.2). On the basis of this
evidence the complex atomizer configuration of Figure I(d) is significantly better than the simple config-
uration of Figure l(g). A comparison under widely varying ambient air pressures and fuel viscosities for
the pre-filming configuration of Figure l(c) and the plain-jet configuration of Figure lij) was provided
by Jasuja (Ref.19). An examination of Figures 18, 19 and 20 reveals that, ider nominally -oiparable
operating conditions, there is not a great deal of difference between the mean drop size periormance of
these two atomizer configurations, especially at higher air pressures for the low-viscosity kerosine/
gas oil type of spray medium. A limited amount of comparative drop size data on atomizer configurations
l(d) and 1(j) is contained in References 17 and 25. The general conclusion that can be drawn from this
is that the plain-jet configuration 1(j) gives spray quality that is comparable to that achieved from the
pre-filming configuration I (c/d). The comparisons drawn from the work of Lorenzetto and Lefebvre and ti""t
of Jasuja are consistent in as much as the transverse injection of liquid in a swirling airstream will be
significantly better than the co-axial,co-flowing liquid injection in a non-swirling airstream.

CONCLUSIONS

The two main conclusions to be drawn from the evidence that is currently available are as follows:

1. Despite the extensive research on both the pre-filming and the plain-jet atomizers, thiere still
remain major design features that are worthy of further study. In particular the pre-filming
device and the air swirler need to be examined in detail to optimize their geometry.

2. The drop size performance of the relatively simple plain-jet airblast atomizer feIlrii tni.r-
transversely injected liquid jets into a swirling airstream is comparable it, that )! its 7'r"
widely used pre-filming counterpart especially when operating on low viscosity kertsc:i, c iaswiso 1

type of media under high air pressure.
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DISCUSSION

E.Mularz, US
With respect to Figure I5, indeed the air flow through the swirler is important in determining the fuel spray quality
of the fuel injector. However, your measurement of the axial component of air velocity is not sufficient, since
there is a substantial component of circumferential velocity as well. I recommend that further measurements be
made, more completely mapping this airflow through the swirler.

Author's Reply
The author agrees with Dr Mularz as regards the importance of more detailed mapping of the velocity flow-field at
the exit of the air swirler. Indeed the first conclusion emphasizes the need for further work on the air swirler.
Figures 15 and 16 were included in the paper to highlight, from the atomization performance viewpoint, the
importance of air swirler vane geometry as well as the detailed understanding of the swirler velocity flow-field as
typified by the axial velocity measurements. It was neither implied nor suggested that the axial velocity component
was the only one that mattered. Indeed there is a substantial swirl component, the value of which depends upon
the vane outlet angle. For example, the swirl component is approximately 80 percent of the axial component for
the 45' curved vane swirler case of Figure 15. Figure 16 could be replotted using the swirl velocity component as
the basis, but the basic conclusions would remain unchanged.
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• "" inevaluating fuel noI l performance, the droplet size Jistr'uin-.:' ~' )

"I -':zse ze d trbstiorn
OhL.waci by the Sauter mean diameter - is found to be one of tme doi t ' Ie-
sii1g ex,im1les from ongoing experimental studies w ;ressorized ano aipt1 at zer;

sttention is irected towards the importance of flow parameters and size I
aIiivirg non-intrusive optical techniques.

particular, an optical diffraction-type particle sizer hus neen use: in ,
*i 3i vays from airblast and pressure atomizers. It is show;- that the Sauter me:,
a..o..e is geerally not suited for describing the nozzle performance. Emphas;s Is
towards; tne influence of the flow field on the apparernt droplet size oistribhuiQo: ex- lan-
ong a variety of observations reported in other studies.

1,;,T LA SYMBOLS

droplet diameter

K',bO 1; 9 mean diameters; indices indicating Vcl% which has smaller diameter tha.

b84. 1' 63.2

f focal length

N Rosin-Rammler exponent

3 volume density distribution

R normalized weight upper size dT

RR Rosin-Rammler distribution, R t exp(-dT/D 53 .2)

SMD Sauter mean diameter

uL air-velocity

uLO initial air velocity

uT droplet velocity

Vwater flow rate

x distance to the atomizer lip

S diffraction angle

jwave length

INTRODUCTION

The droplet size distribution within a fuel-air mixture is one of the dominant para-
meters in determing the vaporization rate, ignition and the combustion including the
pollutant formation. Dickinson and Marshall II report, for example, on the influence of
the width of the droplet size distribution on the evaporation rate with the result, that
wider listributions will yield higher rates than narrower ones with identical mean dia-
meter.

in developing a new fuel nozzle it, therefore, is necessary to obtain fairly complete
* information on the dependency of the droplet size distribution on the determining para-

meters such as fuel flow rates, geometry and ambient pressures and, in particular for" airblast nozzles ,eon the air-flow parameters. Up to now, a large number of parametric

studies is required. Presently, we are concerned with the study of various fundamental
effects such as film characteristics 121 concerning airblast as well as pressure atomizers.

As primarily optical diagnostic techniques are employed, high accuracy of the data and
6- proper interpretation is a necessity. This has been emphasized by us at several occasions.
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Fig. 1: Schematic of Malvern Papticle-Sizer

The laser beam has been expanded to 3 mm diameter at a wave-length A of 631,8 nr.. As
the droplet diameter J is considerably larger than X, no dependency of the refractive in-
djex is to be consider1,e and the scattered light intensity is a function of d /X an4 the
c iffra cti ve a ngle 0. A Fourier t ransform lens collects the scattered light , hich is

focused on the detector.

The light distribution recored is compared with a theoretical light intensity I
tribution calculated for a specificly mojci-droplet siz, distribution such as "losin-
ammler"- or "Log-Normal"-distribution. Additionally, a "Model Independent" is available

where 15 size classes are considered independently. For test and calibration purposes the
results obtained with the Malvern Particle-Sizer were compared with those from various
other Counters such as the Coulter-Counter, sedimentation technique jsj and Photographic
analysis using glass beads. Generally, the agreement was fairly good within i0 t, with the
Malvern Particle-Sizer yielding slightly larger particle-sizes. In additio-- to the non-
intrusive character of the analyzer, a major advantage is his short response time - condi-
tions which allow for wide variations of the parameters determining the droplet size lis-
tribution in airblast as well as in pressure atomizers. The total measurement timesthough,
are determined by the capacity of the microcomputer, a problem which can easily be solved by
using a minicomputer.

CHARACTERISTICS OF THE DROPLET-SIZE DISTRIBUTION

Frequently, the Sauter mean diameter (SMD) is applied in characterizing droplet-size
jdistributions. The well-known definition of the SMD respresents the diameter of a sphere

with an identical ratio of volume to surface area as the sum of all droplets. It, there-
fore, reflects the specific surface area and has been frequently used in describing the
evaporation rates. However, as mentioned earlier, Dickinson and Marshall III observed that
in addition of the SMD the width of the distribution is another important influence para-
meter.

Furthermore, in correlating fuel nozzle sprays, Simmons 9 states that in technical
atomizers the ratio of the mean volumetric diameter D and the SMD is constant and is
approximately 1.2. As we observed considerable deviati sns, a brief theoretical study was
used to clarify the discrepancy. Using the Rosin-Rammler (RP) distr'bution, Figure 2
illustrates that the ratio D /SMD is strongly dependent on the width of the distribution.
Specifically, this is important in technical applications where according to our xperience
the exponent N varies from N z 1.2 to 3. In comparing two ditferent types of atomi-ers
Figure 3 indicates that with an identical D the SMD is much smaller for broader droplet
distributions. This is of primary importance in comparing pressure and airblast atomizers
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She i:ner recirculation zone ends approximately 52 r-m from the nozzle's ip with
trong i .ouAts between x 35 and x 2 mm. The small droplets, therefore,

illxbwing te f low will hav fairly large resi'ence times in this zone leading to an over-
-- presentati'n Of small particles whenever a Aalvern ty pe analyzer is used in this zn.

h C~rclusi'ors are supported by our measuremet:; as shown in Figure 3.

.rispeo. sble for the minima o the diameter is the flow field and not physical rs-
2esses during atomisa ion. In our opinion, therfDre, explanations for the occureice of
to'e minima as late droplet formation and, sbly, droplet coalescence (see Li-

ihdnawany i. L.febvre j131) cannot be supported. Furthermore, effects due to geometry
and, nde' cjvt-li:. conditions, air-liquid ratio mist be carefully analysed with respect
of variat -)t the flow field. Unfortunately, generalizations are extremely difficult
to obtain o transfer.

LI audition to the study of airblast atomizers, interest arises whether pressure
atoDmizers follow the above-mentioned charcteristics. Figure 10 represents typical measure-
merts obtained using the Malvern Particle-Sizer. It is quite interesting to note that
igain a Minimom mean-droplet diameter is found in the near field of the nozzle. However,
the phyiscal phenomena actually are reversed from the previous observations. Here, due to
tneli high velocity, the larger droplets are underrepresented in the near field of the
-ni ze as their deceleration is considerably smaller than for the smaller droplets. This

'Uporte by the calculations shown in Figure II. in comparing the velocity coefficients
I gure £ and 11, the different character of the droplet fLow is evident.
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LUD DS I ON S

In .-val-atirog flaej ae i al care should be directed in defining the charac-
.eristic paranneters o i mntal conditions. The Sauter mean diameter is
:,t sufficient in I ""' !'he droplet distribution should be defined at
'east by three ind-eper,,iet jor .7isimplicity, three characteristic diameters seem

toeo appropriate. ish'er, ..om , .,trated by a large variety of measurements with
ato)mizers of differir~g :ao: s o r. )ptical diffractioco-type analyzer. Furthermore,
it should be recognized that i:. JesCrihing atomizer performance the utilization of various
particle analyzers as well as the ;oostioning of the probe volume requires careful analysis
and io strongly d'epende,,t soi tne iw field surrounding the nozzle. Measurements indicate
that the wronig chunce o)f the measurement plane will lead to errors in excess of 50 %in
tilt droplet soze.
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DISCUSSION

C.toses, US
W'as the air flow cold or were you allowing for droplet evaporation? We have made measurements in evaporating
systems: the techniques are more difficult but it can be done. The distributions with axial distance are significantly
changed as the small droplets immediately evaporate and the SMD increases rapidly with distance.

Author's Reply
Ti experiments were performed tinder cold-flow conditions. Our studies in this phase were directed towards the
droplet production from the nozzle in order to characterize the nozzle. The next step will be measurements under
pressure and with evaporation. We are convinced that a shift of the SINI) with axial distance will occur. lowever.
the SNID will also be affected by the evaporation of the larger droplets, which is probably more relevant in the latter
stages of the evaporation process.

J.Peters. LIS
I ) Your results on SMI),l)o5 variations refute Simmons' work (SNMD/)s0 = constant). What do you think is

the explanation for this?
I
"
) Was your work showing the difference in size distribution widths for different injectors performed on

production injector hardware?

Author's Reply
Numerous measurements in our Institute indicate that the ratio I) 50 /SMD = 1.2 - 2.5. In using the Rosin-Rammler
distribution we find for the range of nozzles tested N = 7,2 3. We even found an extreme case with N =4. The

pressure atomizers were production-type nozzles whereas the airblast atomizers were experimental and prototype
designs. Simmons' data may not be in disagreement with our results as long as the nozzles in his study are of similar
design. There is no question, though, that even for identical nozzles D5s!SMI) constant with different flow rates
as shown in Figure 4.

d w
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SUMMARY

"I With respect to the reduction of emissions in combustion processes it is of recent
interest to examine the atomization and mixing performance of different types of injec-
tion devices for liquid fuel. The present investigation concentrates on air blast
atomizers of the plain jet and prefilming type. Measurements of the initial droplet size
distribution and final mixing in a duct are presented and discussed.

INTRODUCTION

Liquid fuel injectors for gas turbine combustion chambers can be separated into
three broad categories. These are pressure atomizers, air-assist atomizers, and air-
blast atomizers. With respect to the reduction of emissions in combustion processes, for
example carbon monoxide, nitrogen oxide, unburnt hydrocarbons and soot, the latter cate-
gory of airblast atomizers is being used more and more. The best choice of fuel injec-
tion for the mixture preparation appears to be an airblast atomizing system, especially
for premixed combustion. High velocity atomizing air is the primary factor in producing
small droplets while simultaneously providing high initial relative droplet velocities.

A high degree of vaporization and fuel-air mixing is required for premixed com-
bustion in order to reach the desired NOx-goals. It is therefore necessary to examine
the basic atomization and mixing processes of the liquid fuel in a high velocity air-
stream.

There are two types of air-blast atomizers, plain-jet and prefilming ones. The
plain-jet atomizers use discrete jets which are injected into a high velocity airstream.
The prefilming atomizers produce a thin liquid film which is accelerated by a parallel
high velocity air stream to a tip where the atomization process takes place. The 1
characteristics of the two types of air blast atomizers were reviewed in Ref. 1. Further

publications like Ref. 2 through 5 examined the droplet size distributions of the two
different injection types. For the development of a premixing section the information
on droplet sizes is not sufficient. As a high degree of homogeneity is one of the main
requirements for this burner part, tests which also show the mixing performance are
needed in order to determine whether the one or the other airblast system is more bene-
fitial in connection with the premixing flow duct. It is apparent that there are diffe-
rences in the dispersion characteristics of both systems. The present study, therefore,
is an examination of both aspects, the atomization and the mixing.

2. Atomizer experiments

For the elementary atomizer investigations, a channel of constant restangular cross-
section was used, as shown in Fig. 1. It is a blow-down wind tunnel originally designed
for model investigations of the unsteady direct diesel injection process under varying
engine conditions with respect to pressure and temperature. The height of the channel was
reduced to 20 mm for the present study in order to obtain a flow velocity in the test
section of 120 m/sec at a pressure of 20 bars. This relatively narrow channel limited
the conditions for the plain jet experiments to those where the atomized fuel did not
touch the wall. The fuel injection time was kept at 2 seconds in order to avoid a
special treatment of the exhausting fuel-air mixture. The droplet size distribution was
measured by the familiar laser light-scattering technique. The special system used for
this investigation is described in Ref. t6.

In addition to droplet-size measurements, short-time shadowgraphs have been taken
using a nanolight as the light source(spark time = 10 -8 seconds). A schlieren system
was used to identify more clearly the local distribution of droplets and the initial
mixing process.

2.1 The plain-jet atomizer

The plain-jet atomizer, injecting transverse into the air flow, is located in the
test section as can be seen on the shadgraphs in Fig. 2. The measurements at atmos-
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pheric conditions were performed in an open-ended test channel which was of a similar
shape as that used for the measurements at elevated pressures. The injector orifices
were designed with a length to diameter ratio l/d of about 5. Diesel fuel was used for
all the present atomizer investigations, including the prefilmer.

The shadowgraphs in Fig. 2a-d show that with increasing dynamic head of the airflow
the atomized jet becomes highly unsteady, indicating a vortical structure (Fig. 2d).
Fig. 2b and c are for the same dynamic head of the air flow, but at different ambient
air pressures of 5 and 20 bars, respectively. It is apparent that the liquid jets in
this case break up and spread very similarly. Separation of droplets due to their diffe-
rent sizes, and contributing to the fuel distribution across the flow duct, occurs only
at the lowest aerodynamic forces in this series of shadowgraphs, Fig. 2a. Hussein et al
[4,5] determined the time-averaged penetration distance of plain jets of different dia-
meter in a similar arrangement at atmospheric conditions. It becomes clear, however,
from the shadowgraphs in Fig. 2, that the unsteady character can be essential for jet
penetration.

Droplet sizes were measured at atmospheric conditions for orifices of d = 0.5 and
1 mm diameter and different fuel flow rates. Fig. 3 is a plot of the Sauter gean dia-
meter SMD over the dynamic head of the airstreamLpg = u' a/2. The measured droplet sizes
depend on the location of the laser beam within the spr y. This is due to two reasons.
The first concerns the measurement technique, i.e. all droplets have to have the same
velocity because only concentrations are measured. The second is that the droplet size
distribution can depend on the position across the jet, as it does,for example, for the
conditions of Fig. 2a. Therefore, all the measurements have been made 50 mm downstream
of the injection point [5] and in the middle of the atomized jet (determined by the ob-
servers eye). Of course this can provide only a rough characterisation of the atomiza-
tion, because at low aerodynamic forces and relatively high fuel injection rates the
width of the atomized jet is much larger than the diameter of the laser beam. The depen-
dency of the droplet sizes across the jet is shown in Fig. 3 for iL = 15 1/h, and
p = 150 mbar at the upper (ru) and lower (r ) jet boundaries. The influence of increa-
stngtp on droplet diameter (SMD) can be ieen. A significant influence from the fuel
flow r~te i and the orifice diameter d could not be observed within the relatively
narrow variktions. All the measurementsoat higher ambient air pressures (p = 5 and
20 bars, T = 100*C) are for an orifice diameter of 0.5 mm. These data arg shown in
Fig. 4. Alehough there is some scatter in the data, it can be concluded that the droplet
sizes depend only on Ap , irrespective of the ambient air pressure level. Similar re-
sults have been obtainea, for a plain jet atomizer of a different design [3].

2.2 The prefilming atomizer

The plane prefilming atomizer investigated is shown in Fig. 5. The influence of
6p and the fuel flow rate k at atmospheric conditions is shown in Fig. 6. The droplet
diameter (SMD) decreases wits decreasing fuel flow rate, because at constant width of
the prefilming surface the liquid film thickness decreases. The measurements at elevated
pressures, shown in Fig. 7, indicate that the droplet diameters (SMD) at all ambient air
pressures investigated depend only on Apa"

3. Mixing experiments

The experiments were performed in two different test facilities, one for atmos-
pheric and one for high pressure tests. Both facilities were designed to measure the air-
liquid flow distribution and the droplet size. The atmospheric test facility already
described in Ref. 7 consists of a blower supplying air via a settling chamber to the mo-
del with atmospheric conditions at the exhaust.

The high pressure test facility shown in Fig. 8 consists of a closed pipe system
with blower, cooler and liquid separators. A piston compressor together with a control
system supplies high pressure air to maintain the system pressure at the desired level.
The test section of the high pressure test facility is equipped with several windows for
observation. Flanges at various axial and circumferential locations provide for probe
traverses to measure the spatial distribution of the air-liquid flow. Water can be fedto either test facility through a pump. In addition it is possible to employ liquids
other than water in the hiah pressure test facility.

The transparent model depicted in Fig. 9 was used in all experiments. It had an
outer contour like a venturi tube. The inserted hub was kept in position by 8 struts.
With the exception of the prefilmer tests, the struts were inclined to obtain swirl. The
plain-jet elements and the prefilmer elements were mounted on the struts (see Fig. 9).

Additional plain-jet elements were fabricated by drilling holes into the hub per-

pendicular to the surface. Water was injected near the throat section of the model. The
air and water temperatures in all experiments were kept near 30*C. The air and water
mass-flow rates were measured with a venturi tube and a plate orifice, respectively, andaccording to DIN 1952. As a first step the velocity profiles were measured without water
injection in a plane located 20 mm downstream of the exhaust. Afterwards the local water
concentration of the air-water mixture was evaluated by isocinetic probing. The water was
collected in a liquid separator, and mass and time were measured.

_____ _____ ____ _____ __ ii 
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3.1 Atmospheric tests

In these experiments two plain-jet injection tubes on opposite struts were tested.
The jets were injected tangentially (8 = 0*) against the swirl of the air flow.

The idea behind these experiments was that the two jets would not merge and could
easily be detected in the exhaust plane. (It should be possible to get a first approxi-
mation of the parameters which influence the development of the jet in this rather
complex flow).

The test conditions are given below:

injection orifice diameter d = 0.5, 0.8 mm
air mass-flow fio = 0.9 kg/sec
water mass-flow ta = 11 g/secw

In order to analyse the jet and droplet propagation the velocity profiles and the
local water concentration levels were measured in the entire plane.

Two typical results are shown in Fig. 10. The area which is covered by water has
the shape of a crescent, the size of which increases with increasing injection orifice
diameter and injection velocity to air velocity ratio. The jet mixing in this case is
probably controlled by individual droplet motion according to Fig. 2a. A prediction of
the paths of the droplets yields a distribution in the exhaust plane along a curved
line which compares with the centre line of the crescent [8]. There exists a separation
effect whereby the smallest and the largest droplets are located on opposite ends, the
line extending with increasing injection velocity.

3.2 High pressure tests

The aim of the experiments described below was to test various injector systems
with respect to their mixing behaviour. For carrying out experiments the question of
appropriate test conditions arises.
According to Fig. 2a-d the jet mixing is governed by either individual droplet motion
and/or by the unsteady vortical gas motion. It follows from Figs. 2-4, 6 and 7 that the
dynamic air pressure head is an important influence on jet penetration and atomization.
The conditionsmay be characterized in the most general way by the Reynolds number of the
liquid and the gas phase, the Weber number, the density ratio, and the injection velo-
city to air velocity ratio. In addition the geometric similarity has to be considered.
Without making any assumptions for the functional dependence of the model numbers, the
conditions in the turbine have to be maintained. For simplicity reasons, water was em-
ployed in a first step instead of liquid fuel. The density and velocity of the air flow,
the ratio of liquid to air mass flow, and the geometrical dimensions were kept constant
at the values of the turbine. After optimizing the injector systems it is intended to
adapt them to liquid fuels.

Plain-jet injector tests

In the first test series the model was equipped with a plain-jet injector device
where the radial position of the injector tubes was kept constant. The first version had
two orifices each with a diameter of 1 mm, one jet in the tangential direction (S = 0*)

and the second with an inclination of B = 30! The results are shown in
Fig. 11. Probe traverses of the axial velocity, the water mass flow, and the calculated
water-air ratio are presented.

The influence of the hub on the air flow is still present at the exit plane. The
water mass flow, with a maximum at r/R - 0.6, is declining very rapidly towards the
centre and the outer contour. For comparison purposes the standard deviation was calcu-
lated. It is quite clear that the mixing performance of this version does not meet the
requirements for premixed combustion. Moving upstream or changing the direction (B) of
the jets did not give any improvement. Calculations of the individual droplet motion re-
vealed that droplets smaller than 30 pm, starting in different directions, are deposited
at nearly the same radius in the exhaust plane. The best mixing in the test series was
obtained with one jet in the tangential direction on each tube and 8 jets on the hub per-
penticular to the surface. These results are shown in Fig. 12.

Prefilmer tests

Eight prefilmer elements designed for constant water mass flow per unit length were
mounted on the struts. This resulted in a water mass flow rate per unit area proportio-
hAnal to 1/r in the injection plane. The mixing section was operated without swirl in this
case. To check the circumferential mixing two traverses were made, one behind a strut
and one in the middle between two struts. They gave about the same distribution.

The results, depicted in Fig. 13, show little water in the middle of the exhaust
plane. In the range 0.3 r/R 0. 7 the water mass flow rate is approximately proportio-
nal to 1/r according to the distribution in the injection plane. This means that there
is not much mixing in radial direction. The standard deviations for the best plain-jet
version and the prefilmer are about the same.

II
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CONCLUSION

The test results revealed the necessity of further refinement in order to get

better mixing properties. This can be achieved by modifying the venturi contour to give
a more plane radial velocity profile and by improving the fuel distribution in the in-
jection plane. The latter is controllable by the number of plane jet elements, or alter-
natively by adjusting the prefilmer geometry (e.g. concentric rings) to yield a more

uniform rate across the injection plane.
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ABSTRACT AD-P003 140
Detailed fuel spray analyses are a necessary input to the analytical modeling of tre

complex mixing and combustion processes which occur in advanced combustor systems. it
is anticipated that by controlling fuel-air reaction conditions, combustor temperatures
can be better controlled, leading to improved combustion system durability. Thus, a
research program is underway to demonstrate the capability to measure liquid droplet
size, velocity, and number density throughout a fuel spray and to utilize this measure-
ment technique in laboratory benchmark experiments. The research activities from two
contracts and one grant are described with results to date. The experiment to c!2ract-
erize fuel sprays is also described. These experiments and data should be useful for
application to and validation of turbulent flow modeling to improve the design systems
of future advanced technology engines.

INTRODUCTION

The economic pressures that face all of us today are also having a dramatic effect
on the aircraft industry, commercial airlines, and the military. In the area of propul-
sion, the development costs to evolve a new engine for the next generation aircraft are

becoming stagqering. And in the interest of fuel economy new engines are operating at
higher pressures and temperatures which can adversely affect the operating and mainten-
ance costs of the hot section components. This situation is placing greater demands on
the engine designer to produce a dependable and reliable system. This is especially
true with the combustor, where fuel and air must be efficiently mixed and where combus-
tion must take place in a minimum amount of space. It is perceived that a better under-
standing of the complex mixing and combustion processes which occur in a combustor could
reduce the time required to design and develop new combustor concepts, and could also
lead to more optimized designs resulting in improved component durability. It is for
these benefits that the National Aeronautics and Space Administration's Lewis Research
Center (LeRC) is engaged in combustion research. The objective of the research is to
obtain a better understanding of these physical processes and to develop analytical
models which can accurately describe these processes.

The current combustion program at LeRC is organized into two categories; combustion
fundametals research and applied combustion research. Research activities under the
combustion fundamentals category are classifed under the subject areas of fuel sprays,
mixing, radiation/chemistry, and combustion dynamics, figure 1. Each of these sublect
areas have research activities to develop and improve analytical models and to perform
experiments to better understand the physical processes and provide needed data for tie
modelers, references 1, 2. As shown in figure 2, the long range objective is to obtain I
predictive computer codes which the industry can utilize in their combustion design sy-

stem. The remainder of this paper will focus on the experimental research activities in
the subject area of fuel sprays.

A great deal of research, both experimental and analytical, had addressed itself to
the problem of spray combustion. A liquid fuel spray undergoes vaporization and mixino
with a turbulent airstream just prior to the combustion process. The relative veloci-
ties between the fuel's gas phase and liquid droplets affect the evaporation, burnina
rate, and the pollutant formation. In attempts to analytically model this two-phase
flow, detailed information on the fuel spray and air boundary conditions are required,
reference 3 and 4. Furthermore, assessments cf the analytical models require detailed
information of the fuel spray throughout the spray cone, reference 5. Thus, it is
necessary to measure the size and velocity distribution of the spray droplets and the
evolution of their distributions with the flow.

Several laser measurement methods can provide the required data in principle, refer-
ences 6 and 7, and large strides in the area of laser velocimetry and signal processing
have been made in recent years to improve these technilues. As part of the combustion
research program, LeRC is conducting a program to demonstrate the capability to measure
liquid droplet size, velocity, and number density throughout a fuel spray and to utilize
this instrument in laboratory benchmark experiments to obtain the required data for the
analytical models. This program is described below. In addition, two contracts are
underway to further refine droplet sizing interferometer techniques. The Advanced Drop-
let Sizino System incorporates two similar but distinct techniques to use scattered
laser light to determine particle size and velocity. The Phase Detection Droplet Sizing
System also uses scattered laser light, but compares the phase differences at two points
to determine particle size. These promising systems are highlighted with results tc
date presented. Finally, it is recognized that applying instruments such as these to
reacting and non-reacting fuel sprays presents a formidable task of data processinq ano
analysis. An effort is underway which focuses on further development of these analysis
techniques. A co-axial free jet apparatus is being built to study the combustion pa'a-
meters of a relatively simple liquid fuel spray c.mtustion process. Modern diagnostic
instruments will be utilized to establish data analysis procedures and provide experi-
mental data for analytical model assessment. This research activity is described.



NASA LeRC FUEL SPRAY DIAGNOSTICS
PROGRAM

The Fuel Spray Diagnostics Program is a part of the LeRC Combustion Fundamentals
Research, references 1 and 2. The objective of this in-house program is to conduct de
taileo investigations of fuel and air mixing downstream of fuel nozzles in order to su
ply the analytical modeler with needed benchmark data for model assessment. Measu-e-
ments of droplet size and velocity at conditions representing those of gas turbines ar
required. A knowledge of the turbulent interactions between flowing air streams and
simulated fuel sprays is also necessary; thus measurements of air velocity are made
simultaneously with the droplet measurements to completely track the flow
characteristics.

This experimental research is being conducted in the Fuel Spray Diagnostics Facil-
ity. The major instrument used is a Droplet Sizing Interferometer (DSI). A photograp
or the existing experimental configuration is presented in figure 3. The DSI is a two
color, two-component system. Two independent, orthogonal measurements of droplet size
and velocity components can be made simultaneously. The transmitter unit includes a
watt Argon ion laser. Two receivers, situated at different angles, measure the hori-
zontal and vertical components. A water spray from a fuel nozzle is probed throughout
with the DSI instrument to determine nozzle characteristics. The apparatus will be di
cussed in more detail in the following section.

The Fuel Spray Diagnostics Program consists of various experimental configurations
presented in Table I. In the first part, water will be used to simulate fuel sprays.
Several test conditions and probe volume positions for mapping typical fuel nozzle flo
distribution will be selected. The second part will utilize a fuel nozzle/swirler com
bination to study fuel/air mixing characteristics and flow seeding. Finally, measure-
ments of more complex turbulent fuel spray chemical reaction flows are planned for ana
lytical application to the combustion process.

Droplet Sizing Interferometer

The existing NASA LeRC Droplet Sizing Interferometer (DSI) is a laser based instru
ment currently being developed for application to dense sprays. fhe instrument is use
for measuring liquid droplets and solid particles in fluid flows. The measurement of
droplet (or particle) size and velocity is based upon the observations of light scatte
ed by small particles passing through the crossover region of two laser bedms. The of
axis light scatter detection method is used in the size and velocity measurements;
droplets are treated as spheres that reflect or refract light, references 8, 9.

The DS1 can operate in most spray and aerosol environments to provide size and vel
city measurements to a high degree of accuracy. It is also capable of obtaining large
quantities of spray data in a small time. There is an urgent need of such data to pro
perly define the physical characteristics of two phase flows essential to many enginee
ing applications in combustion systems.

The fundamental features of the instrument are: optics, signal processing, and da
management system. The optical system contains two packages that are very critical in
the accuracy of the measurements, the transmitter and the receiver. Figure 4 shows th
basic configuration of the droplet sizing optical system for single component measure-
ments. The transmitting optics define two parameters, the fringe spacing (determined
the crossover angle of the laser beam) and the position of the probe volume. It is co
posed of a 0.5 watt Argon Ion laser, beam expander, beam splitter and focusing lens.
The laser is used to provide a coherent light source to non-intrusively measure small
droplet size and velocity. A beam expander consists of two lenses placed focal point
focal point where the diameter of the laser beam can be increased as necessary. The
beam splitter produces two exit beams of approximately equal intensity and is used to
adjust the separation between them. The beams are then intersected by focusing them
with a lens. The probe volume or point of intersection of the laser beams forms an in
terference pattern of fringes, figure 5(a). Droplets passing through these fringes pr
jecc scattered light with different patterns that are used in the measurement of size
and velocity. The receiving optics collect the light scattered from droplets moving
through the probe volume. It contains a collecting lens and a photomultiplier (PMT).
The collecting lens is used to image the probe volume on the photomultiplier's apertur
or pinhole, where the droplet signals are registered.

The signal processing comoonents are enclosed in a Visibility Processor. It con-
sists of Signal Filtering, Percentage of Error Setting, Doppler Integrators, Pedestal
Integrators and also controls a programmable power supply that generates the high volt
age for the photomultiplier tube. The Visibility Processor is mainly used to process
doppler burst signals. The input signals to the processor are doppler signals superi,
posed on Gaussian pedestals, figure 5(b). The processor separates the doppler compone
from the pedestal component. The droplet size is determined from the signal visibilit
(that is the magnitude of the ratio between the Doppler and the pedestal ccmponents) a
the velocity from the Doppler frequency.

The Data Management System (DMS) is a microprocessor that collects, stores and ana
lyzes data. It acquires raw data from the Visibility Processor. The DMS contains dat
display and acquisition programs with histograms of the visibility and period distribL
tions. Floppy disks are used for software and data storage. A printer-plotter is in-
cluded to provide hard copy records.

ADVANCED DROPLET SIZING SYSTEM

Two advanced techniques for the measurement of the size and velocity of particles
will be incorporated in the original Droplet Sizing Interferometer to eliminate some



the problems encountered in the real environment situations. This new instrument is the
Advanced Droplet Sizing System (ADSS) and the referred techniques are: the Visibility
Intensity Technique (V/I) and the Intensity Maximum technique (IMAX).

The Advanced Droplet Sizing System will be designed to be a modular type that in-
cludes the two combined measurement techniques. This design concept provides the system
with capabilities for future expansions based on results of new developments in the
research of light s-attered methods. The research is being done under a NASA contract
with Spectron Development Laboratories, Inc. and the principal investigator is Dr. Cecil
F. Hess.

Limitations of Light Scatter Measuring Methods

Light scatter methods were developed with the intention of obtaining large quanti-
ties of significant particle measurements in a reasonable amount of time. Since the
concept of visibility for particle sizing was introduced, many studies have been carried
out in the development of this technology. However, limitations surface when these
method: are applied to real environments.

Th main limitation of the visibility technique, where the visibility of a doppler
signal is used as a sizing parameter, is its incapability to measure particles in a
dense field. In environments like dense sprays and turbulent media, particles appear to
be larger due to the presence of multiple particles in the probe volume. Also, the
fringe pattern at the probe volume is affected by particles intersecting the laser
beams. An inaccurate visibility magnitude can result from various other causes, e.g.
loss of fringe contrast due to imperfections in optical components, dependency on where
the particle goes through probe volume, misalignment and increase in background noise
due to small drops present in probe volume. Some of these limitations can be eliminated
after they are recognized, but the most difficult ones are those due to the real envir-
onment situations.

The Visibility/Intensity (V/I) Technique

The V/I technique is based on the visibility and intensity of the scattered light
signal to obtain the size and velocity of individual droplets. It is known that the
relationship between visibility and size is not straight forward in real environments.
The V/I technique, reference 10, eliminates some of the errors produced by measuring
dense sprays. It uses the intensity of the pedestal of the scattered light in addition
to the visibility. The signal from each particle produces both parameters and their
cross-correlation can be used to select the right signals.

A correlation between the measured size of the droplet and the amount of scattered
light (Mie theory) is used to eliminate signals that indicate the wrong size. This
technique is based on the fact that droplets that produce certain visibility must have a
given size, and consequently they must scatter light with a given intensity. In this
manner, limits are fixed for every measured visibility.

Two of the main problems are sclved by this technique. First, droplets with erron-
eous visibility (due to beam blockage that causes a disturbed probe volume) will scat-
ter light with an intensity lower than the one pertaining to their apparent size.
Second, droplets crossing the probe volume at the point of less intensity (the tail of
the Gaussian intensity profile) will have the right visibility, but will scatter light
with different intensity. The V/I technique sets limits for the probe volume and re-

jects invalid signals by establishing limits on the intensity of the pedestal, figure 6.
An advantage of the V/I technique is that it does not require calibration. However,

it is currently limited to a size range of about 10:1 in low density sprays and about
5:1 in denser sprays for each optical setting.

Intensity/Maximum (IMAX) Technique

The second technique used by the Advanced Droplet Sizing System is the Intensity
Maximum technique. This technique uses the peak intensity of the pedestal to estimate
the size.

The intensity of the laser beam has a Gaussian distribution, the:efore, the inten-
sity of the pedestal depends in whe-e the pacticle crosses the laser beam in the probe
volume. This technique establishes limits within the probe volume where a particle can
cross. It eliminates the uncertainty caused by the Gaussian beam intensity distri-
bution and makes use of the direzt relationship between intensity and droplet size.

In order to establish the limits within -:he probe volume, two laser beams of differ-
ent diameter are crossed as illustrated in figure 7. An iiterference pattern of fringes
is formed in the crossover where the intensity is almost uniform in the big beam. Sxze
and velocity measurements are obtained from the peak intensity of the pedestal of the
large beam and the doppler frequency for each signal.

The advantages associated with this method are: size measurements performed in a
region of uniform intensity and capability of velocity measurement and size range pcssi-
bilities up tD 30:1 with appropriate electronic prccessing. One limitation is the beam
blockage, caused by dense jprays, that results in a reduction of intensity. However,
this limitation is not as serious as in other techniques with a non-uniform intensity
distribution at the probe volume.

Measurements with the V/I and IMAX Techniques

Some experiments are underway to evaluate and compare the capabilities of the V/I
and IMAX techniques. The up to date results for the experiments that will be presented
here are explained in more detailed by Dr. C. F. Hess in reference 10.



The main limitation of the visibility technique, as was previously discussed, is its
incapability to measure particles in a dense field. For this reason, experiments
focused cn the effect of beam blockage on size distribution. Figure 8 shows the effect
ot obstructing the laser beams with a dense spray before the crossing point. The first
histogram (fig. 8(a)) pertains to a monodispersed string of droplets crossing through
the middle of the probe volume. The second histogram (fig. 8(b)) presents the measure-
ments obtained with the Visibility technique when a dense spray is placed before the
probe volume. The fringe pattern is altered, resulting in a false extended size distri-
bution. The third histogram (fig. 8(c)) corresponds to the V/I technique, under the
same circumstances. The size distribution in this case is very similar to the one gen-
erated in the absence of spray blockage (fig. 8(a)).

The effect of beam blockage on size distribution was also investigated using the
IMAX technique. Results are shown in figure 9. The first histogram (fig. 9(a)) pre-
sents the size distribution of monodispersed droplets going through the probe volume.
The second histogram (fig. 9(b)) corresponds to the results obtained with the IMAX tech-
nique when a spray is obstructing the laser beams in front of the probe volume. This
technique also shows very favorable results, with the average diameter nearly the same,
even though some corrections were found to be needed. The V/I and IPAX techniques are
still being developed and all the measurements taken are in a preliminary stage. A
final report will be published with the results of this program.

PHASE DETECTION DROPLET SIZING SYSTEM

Laser light scatter interferometry techniques offer potential for non-intrusive
real-time measurements in relatively dense sprays. A schematic of a generic optical
system for droplet sizing is shown in figure 4 and is based on laser doppler velocimetry
principles. This system features off-axis light scatter detection which was first ana-
lyzed theoretically by Bachalo (ref. 8). A schematic of an alternate system based on
phase detection of scattered fringe patterns is shown in figure 10. This system is cur-
rently undergoing breadboard evaluation by a contractor for NASA LeRC, namely, Aero-
metics, Inc. The principal investigator is Dr. W. D. Bachalo who has authored several
papers on droplet sizing techniques, e.g. references 8 and 9.

The approach utilizes the fact that light deflected by a sphere through the mechan-
isms described by refraction and reflection theory can be measured and analyzed to ob-
tain the diameter of the sphere passing through the intersection region of two laser
beams. Light scattered from one beam will be shifted in phase with respect to the other
by an amount that depends upon the angle of observation and the optical paths through
the sphere. The scattered light will have an associated phase difference which produces
an interference fringe pattern surrounding the spherical droplet (see figure 10 inset).
The spacing of the interference fringe pattern at some region in the space surrounding
the droplet can be seen to be inversely proportional to the droplet diameter. Proper
selection of a means for measuring the fringe spacing will result in a linear relation-
ship between the measured quantity and the droplet size.

Using the proper configuration of two or more detectors will result in two or more
identical Doppler burst signals that are shifted in phase (see figure 11). This phase
difference which can be measured accurately is linearly proportional to the droplet size.

Furthermore, when a droplet moves through the intersection of the laser beams, light
scattered from each beam undergoes a doppler frequency shift. The scattered fringe pat-
tern appears to move at the doppler difference frequency between the scattered light
from each beam. Using the known beam intersection angle and the laser wavelength, the
measured signal frequency will produce an accurate meaurement of the droplet velocity.
Thus, the same period information provides droplet velocity measurements as well as
droplet size measurements. Both measurements are unaffected by beam attenuation provid-
ed that the signal-to-noise ratio is sufficient.

The relationships used to obtain the droplet size from the measured signal phase
difference for the specified optical parameters are shown in figure 11. The signi-
ficance of the result is that the instrument response is linear over the entire size
range. The size range can be set easily by adjisting the beam intersection angle and
the gain on the photodetectors.

Recent data samples from measurements of a nonodisperse droplet stream produced by a
Berglund-Liu generator are shown in figure 12. The size range corresponds to a phase
difference range from 0 to 360 degreeE divided iito 72 bins of 5 degrees each. The data
shown in figure 12(a) resulted in a measured meai droplet size of 125.9 ' m compared to
the calculated monodisperse stream size of 129.5 um. The data shown in figure 12(b)
were obtained while introducing an additional sp ay in the beam paths around the mono-
disperse droplet stream. These results are encotraging but further tests are planned to
verify the technique with a variety of spray den ities and a variety of spray droplet
size distributions.

MEASUREMENT CF SPRAY COMBLSTIO14 PARAMETERS

Historically, the precise measurement of sprat combustion parameters has been pre-
cluded because of the lack of appropriate instrum ntation techniques. However, witn the
recent development of the interferometric systems described above plus other laser-based
diagnostics, fruitful experimental research on spray flames now appears possible. As a
result LeRC has established a grant with the Gas Dynamics Research Division of the Uni-
versity of Tennessee Space Institute (UTSI) to utilize modern laser diagnostic techni-
ques in making measurements of parameters in a relatively simple steady spray combustion
process. The principal investigators for this project are Dr. Carroll Peters and Dr.
Michael Farmer who have extensive experience in fluid mechanics and non-intrusive las
instrumentation. This three year esearch effort has two objectives. First, to develop



well established procedures for making measurements in a typical spray combustion envir-
onment and for acquiring, processing, displaying and interpreting the voluminous data
that are produced by the modern instrumentation systems. Second, to produce accurate
experimental information that elucidates the fundamental mechanisms in spray combustion
and that can be used to validate and refine analytical models of spray combustion. The
techniques developed above, including specialized microcomputer hardware and software,
will be applicable to the NASA LeRC Fuel Spray Diagnostics Program described above.

Experimental Apparatus

The exneriments will be conducted with the specially designed coaxial free jet ap-
paratus shown schematically in Figure 13. The central droplet-air jet will be the ex-
haust from a plain-jet atomizer of the type investigated by Lorenzetto and Lefebvre,
reference ii. The diameter of the central nozzle will be about 1.3 cm, and the air-
liquid massflow ratio will be about five. Therefore, for typical hydrocarbon fuel, the
equivalence ratio of the central jet will be about three. For typical fuel properties,
the central-jet atomizer will produce a Sauter mean diameter (SMD) of 60-70 L m at a
nominal jet air velocity of 100 m/s.

The outer air flow will be varied, from velocities of zero to about 20 m/s. A re-
circulation zone will form at the blunt base of the center body (about 5 cm in dia-
meter). For the combustion experiments, an igniter will be inserted into the recircula-
tion region, which will be a flameholder for the spray flame.

The axisymmetric freejet apparatus was selected for two reasons. First, the appara-
tus provides the major features of typical spray combustion processes without the com-
plexity of three-dimensional geometry. Second, the freejet configuration provides opti-
cal access to the entire flowfield.

Program Approach

After shakedown and calibration of the freejet apparatus, a series of droplet cloud
experiments, without combustion, will be conducted. Measurements of the gas-phase velo-
city and turbulence field will be made with a two-component laser velocimetry system.
Measurement of the droplet cloud parameters produced by the plain-jet atomizer will be
made with the UTSI droplet sizing interferometer. Analytical studies of spray cloud
dynamics will be carried out to aid in the interpretation of the results and to assess the
dynamic interactions between the droplet cloud and the turbulent gaseous medium.

The freejet combustion apparatus will then be operated with an ignited spray of pure
hydrocarbon fuel. Gas phase and droplet cloud parameters will be measured as above.
Temperature and number density of major gaseous species in the hydrocarbon spray flame
will be measured with a laser Raman system. A large number of measurements of the in-
stantaneous properties will be made at each of many spatial stations in the spray flame
in order to adequately define the statistical properties of the entire temperature and
species field.

To date the coaxial freejet apparatus is being fabricated and the test facility built
up. Initial experiments will be conducted in the fall of 1983. The initial and boundary
conditions of the combustion experiments will be carefully defined so that the results
can be used to evaluate systematically various aspects of the available numer ical
models of the spray combustion process.

Clearly, there is a need for careful experiments on the interaction between the dy-

namics of a cloud of droplets and the dynamics of the turbulent gaseous medium within the
droplet cloud. Our goal is to produce a well-defined and well-controlled experiment that
can be used for validation and refinement of numerical models of the entire spray
combustion process.

CONCLUDING REMARKS

The advanced laser light scatter interferometry techniques described in this report
show promise of providing improved capabilities for obtaining droplet size measurements
and droplet velocity data in dense fuel sprays. Results to date have demonstrated that
these techniques can be suczessfully applied to yield valuable data which are useful in
modeling of combustion flow characteristics and dynamics. Fuel spray characterization,
turbulence studies, and fuel-air reaction studies are highly important for predictinc
combustion performance. These research and development efforts are expected to provide a
fundamental data base for tiz.,bulence model development and for an improved combustor
design system.
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-Various air swirler configurations
-Vane angle effects
-Airflow splits

* Fuel-air reaction studies

-Various equivalence ratios o
-Fuel property effects Figure 1. - Combustion fundamentals program at NASA Lewis Resarch

-Measure turbulence i ntens i ty Center is divided into four major subject areas: fuel sprays, mixing,
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OPTICAL CONFIGURATION: SECTION A-A
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Figure 7. - Optical configuration, probe volume and Doppler burst
signal as described by the intensity maximum technique.
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DISCUSSION

H.Low, UK
Have you a ny expcrience with the visibility technique in corubustin$ environments'

Author's Reply
We have not done any visibility measurements. in a reacting environment to date. Our in-house laboratory program
will make measurements in a spray flame after we have acquired the experience and confidence with the techniques
in more simiple flowfields. Also, the grant with University of Tennessee Space Institute will also look at a reacting
free-jet flow. bsit only after measurements at non-burning conditions.



DROPLET IZE DISTRIBUTION AND LIQUID VOLUME CONCENTRATION
IN A '.ATER SPRAY: PREDICTIONS AND MEASUREMENTS

Gabriel P. Pita
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1096 Lisbon
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AD-P003 141
- A water spray, from a twin-fluid atomizer,was studied at different air temperature and at atmospheric

pressure.
The Sauter Mean Diameter, D, and the droplet volume distributionwere measured at four different

distances from the injector.

An optical method was used to measure droplet sizes.

Predictions of the Sauter Mean Diameter, liquid volume concentration and droplet size distribution -.re
also evaluated. The influence of the air velocity, air temperature and of the water flow rate in the spray
S.M.D. and in the liquid volume concentration at different distances from the injector have been measured.
The predictions showed good agreement with experimental results.

NOMENCLATURE

A - Droplet surface area

C - Specific heat of droplet liquidp
Cv  - Liquid volume concentration

[)32 - Spray Sauter Mean Diameter (S.M.D.)

h Heat transfer coefficient

hfg - Latent heat of vaporization

M - Droplet mass

P - Prandtl numberr
R - Droplet radius

R - Droplet Reynolds number, Re=

T - Air temperature

T d - Droplet temperature
- Relative velocity of the droplet to the mean stream

pLi - Gas properties evaluated a film temperature = -_ Td)

p - Liquid density 2

1. INTRODUCTION

Knowing the behavior of an evaporating liquid droplet is essential to the understanding and prediction
of the performance of the spray.

The behavior of the liquid fuel spray plays an important role in the combustion efficiency and in the
production of the pollutants in combustion chambers.

Theoretical studies of evaporati-, sprays have been carried out by several authors J1,2,3,4,5,91,
however their validation with experimental data has not often been attempted, mainly due to the difficulty
in getting experimental results.

The present work includes a theoretical analysis of the evolution of a water spray, given an initial
measured droplet distribution, characterised by a modified Rink distribution funcion 181, and a comparison
of the predicted values with the measured ones at three different downstream Iccations along the spray axis.
The droplet distribution has been divided into a discrete number of size groups with single droplEt
equations applied Lu each une of them. The droplet size measurements were made using an optical technique,
based on the diffraction pattern formed when the droplets are illuminated by a parallel beam of
monochromatic, coherent light i7,9,111.
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2. THEORY

The assumptions used where the following

1: Droplet with spherical symmetry
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:_lare distanc hetwecit droplets
ihsial properties varyin , with temperature

-. onnstant pressure
, i illr droplet temperature

: No radiatiii heat transfer

2. i rop let heat balanoe

Fhe heat h'lancre of a droplet exposed to a hot environment is expressed by the equation:

h A (T' - I .c . dId d M I
d d dt

Fhe convec ted heat is equal to the increase of internal ,nergy plus the latent heat .l Catorizatidn.

In the first period ot the droplet life the vaporization rate dM/dt is small Iompared with thne in. fras-

in internal energy, so it can be assumed that the convected heat is equal to the increase in internal

energy of the droplet. When the droplet temperature reaches the equilibrium vaporization temperature, the

temperature remains constant (dTd/dt= ) an, the rate of heat rransmission determine the vaporization rate

f the droplet. As the air temperature is much greater than the droplet boilling temperature, the

equilibrium temperature is the boilling temperature at ambient pressure.

From equation (1), the droplet heating time is civen by:

T -Td MC
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T_- F'dt h.A

rdo - Droplet temperature at the beginning
t
dt - Droplet temperature at the instant t

and the evaporation rate is

dR 2 2K kn( I B) (3)
dt Cp 0

Pu

Where B is Spalding mass transfer number defined as
1fg

For the evaluation of the heat transmission coefficient h the empirical expression from Ranz and

Marshall, which applies a convection correction, was used

Nu= 
- 
= 2+0,6 Re' /2 Pr2/3 (4)

1 The heat transmission, to the droplet, is a fuoction of the Reynolds number, it increases with the
velocity as well as with the droplet diameter, so a drag factor must be evaluated and used to calculate

the change of the droplet Reynolds number with time.

2.2 Droplet equation of motion

The droplet motion equation is:

2
d(Mu) u 2 2(

dt =dg 7 Cd+Rs (5)

R s- source term, includes the gravity forces and others, neglected in this case

Cd- is the drag coefficient, evaluated from the empirical relation proposed by Mellor

Cd = 28/Re0.85+ 0.48.

To determine the relative velocity between the . oplet and the gas the initial conditions must be

4W4 known. The air velocity can be evaluated because the mass flow and the temperature are measured. The
droplet velocity at the beginnin is not mess ired, but the atomizer used in the experiments was a twin-

-fluid atomizer, described in 8 , and the in:tial droplet velocity was assumed to be 15% of the mean

stream velocity. As equation (5) shows, the droplet velocity in the control volume is a function of the

droplet diameter, so in the measuring volume the dr. let concentration is a function of the distance from
the injector. Figure I shows the droplet volume dis-ributions in a spray evaluated at four different axial

stations. In figure 2 the evolution of the relative droplet velocity, for different droplet diameters, can
be seen.

2.3 Diffracted Pattern

With the equations of motion and heat balance it is possible to evaluate the droplet size distribution

in the control volume. Knowing this distribution the evaluation of the diffracted light pattern from a
coherent light beam crossing the control volume, is made using the Fraunhofer theory 11i. The light

diffracted by the smallest droplets (D<20 tim), for which this theory can not be used, is evaluated using

the Mie-theory.



3. EXPERIMENTAL SET CP AND MEASUREMENIS

Figure 3 shows the experi uctal set up. In a rectangular channel (2 :- 3U =n,) an air stream ! .ows at
controlled temperature and velocity, in this flow a water Iilm is injected and atomization occurs v th,.

shearing action of the hivh velocity air stream against the low velocity liquid fi l:m. ice lentc .t tics
channel can be chanced to atlow the measurement of the droplet distribution and concentration at :.u
different downstream distances, 10, 30, 70, 110 mm. the droplet distribution and concentratsunis n ,.m m r,
with an optical method described in

A parallel monochromatic light beam 10 mmi diameter from a 5 mE He. Ne laser svstem, crosse- t w spra.
Some of the light is diffracted due to the droplets, the diffraction pattern depending on the droplt
size. A converging lens focuses the non scattered ligth in the centre of a receiving plane, where a
photomultiplier measures the light intensity. Measuring this value with and without spray, enables the
evaluation 11 of tile liquid volume concentration Cv, based on the transmission law for polydispersed
particles.

F/1:0= exp( - 3/2K Cv i

K - Me an scattering coefficient
- Spray dimension, crossed by the laser beam (see fig. 3)

Around the focus ot the same converging lens a pattern of rings of the diftracted ligth is formed.
Nine concentric circular sectors of photomultipliers measure the diffracted ligthi intensity.

Ten sample-and-hold units were used to garantee that an instantaneous light profile from the
photomultipliers was obtained. The signals were digitized with an A/D converter and the data was stored
in paper tape for later processing in a BS 2000 (Siemens) digital computer.

With this system, the diffracted light, which has been shown to be a function of the droplet size
distribution, and the transmitted light, which is related to the liquid concentration in the spray, were
both measured.

3.2 Measurements

Three sets of measurements have been made, the first one at ambient temperature, one at 200'C and one
at 400'C, all at atmospheric pressure.

The influence of the air velocity and water flow rate in the quality of the spray was first studied.

Figure 4 shows that increasing the air velocity, the spray Sauter Mean Diameter decreases, amnd
increasing the water flow rate the Sauter Mean Diameter increases, but only for the smaller air
velocities this parameter is important. With air velocity of 120 m/s the change in the water flow from 5

to 20 1/h has no influence in the S.M.D.

These results are in good agreement with the results of Mullinger and Chigier (10).

rhe air velocity is also important in the liquid volume concentration as figure 5 shows. Increasing
the air velocity the liquid volume concentration, measured at the same distance (30 mma) from the injector,
decreases. The liquid concentration is proportional to the water flow rate and inversely proportional to

the air flow.

Figure 6 shows the influence of the distance in the Sauter Mean Diameter and in the liquid volume
concentration for an air velocity of 120 m/s and ambient temperature. The S.M.D. remains constant and the
liquid volume concentration decreases. The same can be observed in figures 7 and 8 for two other cases,
air velocity 180 and 190 m/s and air temperature 400 and 200 C respectively and water flow rates of 10,
15, 20 i/h. In figure 8 the predicted change in liquid concentration with distance from the injector is

also shown (solid lines). The predicted evolution is based on the first measurement of each curve.

The liquid concentration in the control volume changes with axial distance and with the air flow

parameters. This is due to the different droplet velocities, the drag force changes with the air velocity
and temperature and with the droplet diameter.

As figure 7 shows the droplet diameter does not change with axial distance, no evaporation or
coalescense occurs. Predictions of the variation of the droplet diameter with distance from injector,

are shown in figure 9, evaluated for case B.

We can sec chat although case B and C have almost the same velocity the S.M.D. it. case C is smaller,

this being due to the higher air temperature in case B that causes a worse atomization. For the same
reason cases A and B have the same S.M.D. although the air velocities are quite different.

__,,_ Figure 10 shows the measured and the predicted normaliseul light profiles for the three different

experiments (A, B, C), at 30 nn from the injector.

Table I
Experimental conditions

Case A B C

Air vel. Is/s) 120 180 190

Air temp. (C) 20 400 2(10
i2) 45 43 11

Table I de'nes the parameters of experiments it, B, r and the measured Sauter Mean Diameter.



Table 2 contains the measured and predicted values of liqsid volume in the control volume.

Table 2
Liquid volume variation in the control volume (%)

Water flow rate 10 'h

dist. (mm) A B C

10 100 100 100

30 81 66(74) 72(72)
70 67 50(47) 53(54)
110 61 42(44) 44(42)

The experimental results, (in brackets) for a water flow of :0 I/ are i. god agreement with the
theoretical ones.

Case B iswhere the deviation from predictions i3 greater isee fig. 8) due to the higher temperature or
the air stream that causes a shear layer of two different mediums to interfere with the light beam.

In some cases, interference of the oscillating shear layer between the hot and cold air was noticed.

3.3 Source of errors

As figure 10 shows, in the first inner ring the light intensity does not agree with the predictions.
This is due to the small radius of the inner ring and the presence of some scattered light even during
calibration, made without spray.

We have checked the influence of the oscilating interface between the hot and cold air, and it has
been noticed that this influence principaly disturbs the first inner ring. It has also been noticed that
this influence can be minimised with glass windows in the air channel.

In all the measurements, the first inner ringhave not been taken into account.

4. CONCLUSIONS

Measurements of the Sauter Mean Diameter of a water spray from a twin-fluid atomizer have been made,
for different air temperatures and velocities, using an optical method.

The influence of the air velocity and temperature and of the water flow rate in the spray S.M.D. and
in the liquid volume concentration at different distances from the injector have been studied.

The results agree with the predicted ones and with previous measurements made in similar atomizers
(10, 12).

Care must be taken when the light beam passes across regions of varying density, as in the case or
heated air streams or flames.
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DISCUSSION

P'Aamette. Fr
Vous avez pr~sent6 des corr6lations en fonction de la vitesse de ['air et du d6bit du jet. Avez-vous essayE d'exprimer
vos r~sultats en fonction de la vitesse relative du jet par rapport i F'air?

RWponse d'Auteur
Non. Nous avons choisi comme variables celles qui correspondent aux mesures directes.
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SUMMARY -

Using large numbers of orifices in the head of the combustor to generate independent shear layers
in a co-operative array, the so-calledpe erp concept was evolved to secure efficient combustion in a
weak primary zone. Specific targets were high efficiency and very low smoke at both low and high power

levels when burning either kerosine or diesel fuels. Performance tests of a pepperpot demonstrator com-

bustor at representative conditions of idle, intermediate and high power using both fuels are described.

An impressive combustion performance has been realised over the whole power range, together with

excellent exit traverse quality and tolerance to fuel type. 4:-

1. INTRODUCTION

There has been mounting pressure over recent years to secure substantial improvements in gas

turbine combustor performance, for which at least three reasons can be identified.

Firstly, impending civil legislation concerning emission levels require a dramatic improvement in
combustion efficiency at idle conditions, from typical levels of 85-95 per cent to at least 99 per cent,

together with reduction of smoke and control of oxides of nitrogen. For military applications the re-

duction of infra-red and visible signatures associated with black smoke emissions and the reduction of

blue smoke, ie unburned fuel fumes, under idling conditions is increasingly important.

Secondly, fuel specifications are changing to response to international pressures on oil supplies.
Such changes demand that combustors can not only operate on fuels of varying properties but can
simultaneously contain emissions at a satisfactory level. The marinisation of aero engines, has generally

required further combustor development in order to accommodate the change from kerosine (NATO Code F35) to
distillate diesel fuel (F76). In order to minimise development and production costs the combustor should,
ideally, have a dual fuel capability with no significant deterioration of performance.

Thirdly, the objectives of lower operating and maintenance costs have been accorded increased

priority; as 'hot end' components make a major contribution to maintenance costs, the benefit to life F
extension of improved temperature traverse has acquired greater significance. Since blade erosion by

carbon particles and 'coke' shedding may also be a life-limiting factor, cleaner combustion offers
distinct advantages. Additionally, reduction in combustion chamber pressure loss, consistent with blade
cooling requirements, leads directly to improvement of specific fuel consumption.

Several years of research addressing these objectives has culminated in the development of a tub-

annular demonstrator (References 1,2,3) which has become known as the pepperpot combustor. To date the

combuator development and testing programme has fallen into three distinct phases:

i. Prototype development

Initially the combustor was developed for the most part at atmospheric pressure

on an open-ended rig. Extensive use was made of high speed colour cine photography
and lithium flame tracing as aids to discover the characteristics of combustion

aerodynamics and fuel distribution.

4._P_ ii. Prototype demonstration

In order to investigate the most important aspects of performance of this prototype

combustor, rig tests over a typical range of engine operating conditions using both
kerosine and diesel fuels were conducted.

iii. Pre-production combustor

As part of an engine demonstration progrmme. the prototype combustor was redesigned
to an engine-worthy engineering standard and subjected to a comprehensive series of
rig tests.

The key aspects of the work and some performance indicators form the subject of this Paper.

2. T1E PIPPRAO COUSTOR

The principal objective of the pepperpot concept in the achievement of a high degree of control over

e.L
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the process of fuel/air mixing in the primary zone. Early work had clearly demonstrated the very large
mixing energy potential available in the turbulent shear layers associated with jets of air entering the
primary zone through the combustor head. Fuel placed in the appropriate regions of these jets would not
only mix rapidly with this incoming air but would also stabilise and burn efficiently. Furthermore, it
appeared that, within limits, the greater the number of such jets, each sustaining its own combustion
locally, the more uniform became the combustion process within the primary zone as a whole and the
sooner it was completed.

The chief feature of the pepperpot combustor is a cooled, conical, combustor head constructed of
'Transply' (ref 4) in which a large number of primary air entry orifices are cut to provide a well-
controlled shear layer structure (see Figure 1). Fuel introduced into these shear zones, by means of a
device described as a fuel-air nozzle, is entrained by the air jets in a progressive manner. The
pepperpot holes are arranged in rings, indexed with respect to one another so that the holes also lie on
slow spiral curves radiating from the centre. This spiral arrangement is intended to assist interception
of fuel which would otherwise reach the wall cooling flow and leave the combustor as unburned hydrocarbon.
The sizes of the holes increase progressively outwards in order to satisfy area-weighting and recircula-
tion requirements. Measured upstream of the secondary holes, the pepperpot primary zone volume is about
half of that of the nearly hemispherical head of the conventional Spey combustor which was used as the
basic vehicle on which to test the concepts. The pepperpot head in fact, becomes a direct replacement of
the standard head: the existing duple atomiser and turbine entry nozzle are however retained unchanged.
The existing flame tube barrel was used unaltered in the prototype and with one minor modification in the
final engineering standard design of the combustor.

The pepperpot primary zone is intended to operate at air/fuel ratios much weaker than stoichio-
metric and with shorter residence times than conventional combustors with the specific aim of smoke re-
duction coupled with high efficiency at idle power levels. Because of the great number of individual jet
systems generated by the pepperpot and the consequential small-scale mixing of fuel and air, a highly
uniform temperature profile is achieved upstream of the dilution zone. This has the effect that the cow-
bustor exit temperature pattern factor is largely a function of dilution zone aerodynamics and wall cool-
ing performance.

3. PROTOTYPE COMBUSTOR TEST PROGRAME

The principal objective of the prototype test progrne was to establish the combustor performance
in terms of combustion efficiency, emissions levels, combustor exit temperature distribution, weak combus-
tion limits and mechanical integrity. These measurements were therefore taken at selecttd operating con-
ditions of combustor inlet temperature and pressure. This encompassed the full range of marine and low
altitude aero engine operating conditions typical of the Spey engine.

The tests were arranged to include direct comparisons of the performance of the combustor burning
kerosine and diesel fuels.

Some additional testing was also conducted to examine the consequences of increasing combustor
loading and further primary zone weakening by the expedient method of blanking off the dilution air holes,
thus increasing primary zone air/fuel ratio by approximately 40 per cent. I

The progras was planned to be conducted in two phases:-

i. The first using kerosine fuel only at idle and at simulated high power
in order to allow a quick assessment of the potentialities of the combustor.

ii. The second phase, which was conditional upon the success of the first,
entailed retesting at idle with both fuels and testing performance at the
true pressures and temperatures which correspond to high power operation.

4. FURTHER DETAILS

Idle tests

The combustor was tested at aero idle conditions (7 per cent thrust) over a range of overall con-
bustor air fuel ratios using kerosine fuel. Tests were also made at marine idle conditions at fixed air
fuel ratios using both kerosine and diesel fuels.

Simulated high power tests

In theme tests the combustor was operated at the correct air inlet temperature and air fuel ratio
but at a reduced pressure of 820 kPa. Kerosine fuel only was used for both the simulated aro and marine
high power conditions.

Actual ainh power tests

The combustor was run at marine high power conditions using both fuels. As an addition to the original
programme , tests at a condition representing an tuprating of the marine engine were also made using diesel
fuel.

Finally, tests were conducted at the aero full-power condition using kerosine fuel.

_ _ _ K ,.'.>
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5. TEST RESULTS

Presentation of the results

A stumary of salient results for tests relating to the prototype pepperpot combustor is presented
in Tables I and II. The first contains performance data obtained at idling conditions, the second gives
results of the measurements at the high power conditions.

The following section (6) highlights the main aspects of the results and outlines some of the

conclusions which have been drawn so far.

6. COMBUSTION PERFORMANCE

Combustion efficiency

Levels of efficiency at idle loading for both aero and marine conditions were above 99 per cent
up to about 110 air fuel ratio, not faillng below 98 per cent until 150 air fuel ratio was exceeded.
Although measured values were marginally higher for diesel than for kerosine, it is probable that
differences found are no more significant than rig-to-rig and run-to-run variations normally to be
expected.

Figure 2 shows the behaviour of combustion efficiency with change of air fuel ratio at aero idle
conditions.

At simulated and true high power for both aero and marine conditions, whether on kerosine or
diesel, combustion efficiency exceeded 99.9 per cent.

Smoke

Both SAE (AIAA) and Bacharach smoke measurements were made for the high power tests, however only
Bacharach measurements were made at low power. In view of the superior precision of the Bacharach
technique at low smoke levels the Bacharach smoke readings have been converted to SAE smoke numbers via
a standard correlation graph for each test.

The inferred SAE smoke data so obtained are, in all cases, somewhat higher than the actual SAE
measurements. The scatter amongst results is however significantly reduced.

Using both kerosine and diesel fuels, measured levels at all operating conditions were exception-
ally low (Tables I and II): at idling conditions, recorded values were too low to be determined satis-
factori ly.

Oxides of nitrogen

NOx emissions results are displayed in Figure 3 in comparison with the mean correlation curve of
Reference 5 for engine measurements. The data obtained at 825 kPa have been corrected by the ratio
(Ptrue/Psimul)

0
.
5
. It is evident that there was considerable scatter of results which was not reduced

significantly by humidity corrections. within the limits of scatter it appears that the weaker primary
zone tests, achieved by the blanking of the dilution holes showed useful reductions of NOx whereas the
standard combustor performance was comparable with that of c ,nventional combustors. Additional data from
tests on a preproduction combustor (see section 7), all at correct pressures, is also shown in Figure 3. V

i Temperature traverse quality

Although the pepperpot combustor consists of a new combustor head fitted to an existing standard
flame tube barrel all results show substantial improvements in traverse quality arising from the use of
the new primary zone.

Simulated and true marine high power tests gave almost identical pattern factors of 25.1 end 24.1
per cent OTDFO, 9.3 and 8.3 per cent RTDFO respectively where these tests also include a change of fuel
type. The uprated marine test gave 17.5 per cent OTDF and 10.1 per cent RTDF. Simulated aero and true
aero high power gave pattern factors of 20.7 and 15.7 per cent OTDF, 8.4 and 10.9 per cent RTDF
respectively.

Reduced data are given in Tables I and II.

Mechanical integrity

The main objectives of this work were essentially aimed at demonstrating the advantages of small-
scale primary zone mixing. The relatively simple engineering modifications which were made to incorporate
the pepperpot head into a standard combustor were not, therefore, intended as a definitive design change.
In spite of this the mechanical integrity of the combustor suffered little from the substantial departure
in primary zone aero/thermodynamic behaviour.

At the high power conditions the combustor head itself attained temperatures which are considered
to be marginally high for long life. However the first and, to a looser extent, the second rings of the
combustor barrel reached excessive temperatures, in well-defined areas, and showed signs of thermal dis-
tress at the conclusion of the progrmme. The inner rtie of the secondary air chutes also showed evident
signs of thermal dmge. (Subsequent development testing however has shown the route to control these

OTTh is given by (Tm=, exiti- Taverage exit)(Tave exit T mver inlet) 100.
UDN is given by (average, circumferential Tais, exit fs,5 1 rage, exitTl
(Tsverase, exit - average inlet) X 100,
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high metal temperatures. This is outlined in section 7 dealing with the further development of the
prototype.)

No significant signs of accumulating carbon deposit were found at any condition. However,
there was some slight staining of the fuelling tube and several small stains on the pepperpot surface.

Influence of fuel type

Tests were performed at marine idle and true high power to compare directly performance obtained
on kerosine and diesel. Tables I and II show that there was no significant difference of performance
between them. The limited scatter of results is no greater than might be expected to be generated by

rig-to-rig and run-to-run variations. There was no detectable effect of fuel type on liner temperature.

Effects of closing the dilution holes

The results of these tests, which are not tabulated, are as follows:

Blanking off the dilution jets eliminated the downstream mixing mechanisms entirely and
simultaneously weakened the primary zone by 40 per cent to 50 per cent thereby increasing its air loading
in proportion. At 825 kPs, this modification improved combustion efficiency whilst reducing the NOx
emissions levels significantly for simulated aero high power conditions, but incurred a marked (3 per
cent to 4 per cent) fall-off in efficiency at idle air loading level.

At the simulated high power condition, there was a considerable deterioration of temperature
traverse quality, with increase in OTDF from 21 per cent to 53 per cent and in RTDF from 8.4 per cent

to 27.5 per cent. This retrogression can be attributed for the most part to persistence, as far as the
plane of measurement, of wall cooling (about 40 per cent of total airflow) surrounding the hot central
flow.

Combustor metal temperatures were significantly lower for this version of pepperpot compared with
the standard model.

Whilst noting potential gains to be achieved by re-scheduling wall cooling and dilution flows,
which would be essential in order to counter the adverse effects on efficiency and traverse quality, it
was decided to select only the standard combustor with the normal dilution system for further testing.

7. PRE-PRODUCTION COMBUSTOR EVALUATION

Modifications to prototype combustor

As a pre-requisite to an engine demonstration of pepperpot combustors in a Marine Spay engine, to
be conducted by Rolls-Royce, it was considered to be essential that the local overheating problems be
solved along with various mechanical improvements and an improved ignition system be developed.

Considerations of the overheating patterns adjacent to the secondary air chutes suggested the
existence of horseshoe vortices generated by the interaction of high velocity wall cooling air with the
chutes. Indeed subsequent water analogy simulation demonstrated dynamics compatible with this theory.
These vortices, attached to the secondary air chutes and lying along the combustor wall, offer both
stable aerodynamics for flame stabilisation and regimes of enhanced heat transfer. This evaluation was
supported by test results in which it was found that the overheating was in fact reduced by a local re-
duction of wall cooling flow in line with the secondary air chutes and also by the removal of the chutes
themselves. It appeared that the influence of the chutes was dominant and, since they were subject to
overheating and since their removal produced no detectable change in performance, the local wall cool-
ing was restored and the chutes deleted. After these modifications re-testing has demonstrated that com-
bustor metal temperatures, including those of the pepperpot head, are acceptable.

Ignition

Under MOD contract Lucas Aerospace have developed a combined spray/igniter torch. This unit has
secured an excellent combustor ignition loop (Figure 4) distributed around the weakest practicable engine
fuel air ratio characteristic. The torch/igniter is required in two of the ten combustors that make up
an engine set.

Combustion week limit

The actual weak limit air fuel ratio of the combustor has not been measured on a routine basis.
However tests have demonstrated stable idling combustion at air/fuel ratios in excess of 200/1 at which
conditions combustion efficiencies in the region of 96 per cent were still being achieved.

Other Combustion Parameters

-a Subsequent rig tests of the pre-production standard of pepperpot combustor have demonstrated that
the performance of the prototype as described has been maintained in all respects and that wall tem-
peratures are now acceptable.

I
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8. CONCLUSIONS

i. The work, so far, has shown that the new pepperpot concept, in which fuel
and air mixing is achieved at a much finer scale than in conventional
combustors, offers substantial all-round improvements in combustion
per forinance.

ii. The combustor has shown a remarkable tolerance to fuel type in the range
of kerosine to, the more difficult to burn, distillate diesel fuel and
no noticeable change in the measured performance parameters has been
recorded throughout the development programme.

iii. Whilst showing substantial improvements in smoke and efficiency the
combustor in its present form does not offer any significant reductions
in NOx, however tests have shown a line of research which might fruit-

fully be pursued. Such an approach would however require a radical re-
balance of primary, dilution and cooling flows within the combustor.

iv. In a programme of work designed to transform the prototype combustor to
a unit whose engineering standard is matched to the requirements for
engine testing no major difficulties have been encountered: experience
so far leads to an impression that, in relation to conventional, large
scale recirculation systems, the concept is fundamentally less sensitive
to small engineering modifications which are so much a part of combus-
tion development programmes.
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Aero conditions Marine conditions
TABLE I

7% idle Idle

Fuel type Kero Kero Kero Kero Diesel

Air inlet pressure kPa 275 275 275 293 293

Air inlet temp K 421 420 421 408 408

Air mass flow kg/s 0.88 0.89 0.89 1.06 1.06

Air/fuel ratio 60.1 80.3 120.3 97.1 96.9

Combustion efficiency % 99.45 99.44 98.44 99.0 99.3

ppm 361 266 423 320 280
Carbon monoxide -

El 22.6 21.3 50.2 30.4 26.6

ppm 5 14 21 79 28
Unburnt hydrocarbons -

El 0.2 0.6 0.9 4.3 1.5

1ppm 27 19 ii 17 19
Nitrogen oxides P1

El 2.7 2.6 2.2 2.7 3.0

ShE smoke number 0.5 0.5 1 1.1 0.0 1.3

OTDF % - 29.0

I RTIF % - 11.0 -

Weak extinction afr 327 - 286

Aero conditions Marine conditions

TABLE II Pressure Pessue
Tre Pressure uprated

simulated high power simulated High power high power
high power high power

Fuel type Kero Kero Rero Kero Diesel i Diesel

Air inlet pressure kPa 825 2171 829 1762 1765 1971

Air inlet temp K 785 788 743 705 705 736

Air mass flow kg/s 1.87 4.9 2.03 4.77 4.77 5.1

Air/fuel ratio 51.6 50.9 63.5 63.0 63.7 54.1

Combustion efficiency 2 99.98 99.9 99.98 99.9 99.9 99.9

ppm 3.8 80 2.40 9.0 14.0 14.0
Carbon monoxide " -

E1 0.2 4.0 0.2 0.6 0.9 0.9

ppm 0 8.0 I 0 28 i 14 3.0
Unburnt hydrocarbons -P.... 

i

El 0 0.2 0 1.0 0.5 0.1

ppm 275 480 168 293 289 349
Nitrogen oxides

9l 23.8 40.3 17.6 29.9 29.8 35.9

ShE smoke number 2.8 11.5 6.3 3.5 4.0 9.0

OTDF % 20.7 15.7 25.1,- 24.1 17.5

"ITD 1 8.4 10.9 9.3 8.3 10.1

JI
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Figure 1 PEPPERPOT COMBUSTOR PRIMARY ZONE
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DISCUSSION

R.Wood
Has this combustor been run on gaseous fuel? If not, do you see any problems?

Author's Reply
This combustor has not been run using gaseous fuels. However, I see no reason why the combustor should not be
operated using a gaseous fuel. It is possible that staged injection may be necessary if the combustor is very large.

P.Sampath, Ca
Was there a difference in liner metal temperature between kerosene and diesel (with the new combustor)?

Author's Reply
Within the fairly coarse temperature intervals given by thermal paints there was not. Certainly however the extent,
gradients and exact areas of hot spots/cool areas can change somewhat with change of fuel.

P.Ramette, Fr
Pour des conditions d'utilisation maritime, au ralenti avec du kdrosene, vous avez obtenu un nombre de fumde de
0,0. Ce nombre peut-il vraiment tre si faible?

Author's Reply
The measurement technique is having a great deal of trouble for small smoke number. When smoke is very low, the
difference for the filter with a clean paper is unreadable.

B.Simon, Ge
I have a question concerning the lean stability limit. In Figure 4 you gave a value of AFR = 100, while in your
last table the value is 250.

Author's Reply
The weak limit in Figure 4 relates to combustor operation at atmospheric pressure arJi with air and fuel temperatures
between 10-200 C. The weak limit which we measure for specification purposes is measured at idling conditions,
i.e. pressure ratio of approximately 2.7 and air temperature of approximately 410'K.

D.Kretschmer
(I) Did you do any flow visualization?
(2) It seems to me that you broke up the primary zone into a multitude of mini-primary zones. You had very

good success with what seems to me a mismatch between fuel-supply and these many burning zones. Have you Iconsidered a fuel supply system better fitted to the flow pattern?

Author's Reply
(1) Yes, we had water analogy work done for us by Lucas Aerospace. We also used a lithium flame tracer in the

operating combustor.
(2) The mushroom vaporizer has served us well; however I have commented on its deficiencies for some purposes

such as in the areas of ignition and NOx production. It is certainly our intention to experiment with air blast
atomizers. I would not say that there is a mismatch between the fuel supply and the mode of operation of
the combustor. Each jet in the cooperative array entrains a quantity of vaporized fuel proportional to its
designed capability and this fuel then burns in the shear layer of the jet. The jet is simultaneously entraining
hot burned products from slightly further downstream which provides the recirculation flow necesary to
stabilize combustion. This entrainment is again proportional to its designed capacity. The mini-primary zones
are therefore the jet shear layers themselves.

.K.

__________________.,
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SUMMARf

- " Soot measurements in laminar and turbulent diffusion flames are reviewed. In laminar
flames soot particles have high formation rates near the reaction zone and growth takes
place in the fuel rich interior. Optical methods have revealed the regions of these separate
processes with good spatial resolution.

Sampling and optical techniques have been applied to turbulent flames to determine
parametric influences upon soot formation and burnout rates. Recent experimental evidence
indicates that formation rates can be mixing or chemically controlled. Burnout rates are
additionally very influenced by temperature. Under simple conditions the smoking propen-
sity of a flame may be determined only by the temperature near the tip.

INTRODUCTION

The objectives of this article is to review the understanding of soot formation and
burnout processes in laminar and turbulent diffusion flames. We shall generally concentrate
on the more simple and well defined laboratory configurations which have given insight
into the separate regions of sooting processes and which seek to determine soot volume,
particle sizes and formation and burnout rates. It is not an aim here to discuss soot
formation chemical mechanisms or the precursors thereof. More general comprehensive reviews
are to be found in (1), (2) and (3).

LAMINAR FLAMES

Laminar flames provide a good means of studying the structure of diffusion flames
without the complications of turbulence. From the practical viewpoint the aim is to fully
understand the detailed sooting regions and rates and then introduce this knowledge into
models for turbulent flame combustion.

Early work on the structure of sooting diffusion flames was carried out by Wolfhard
and Parker (4,5) who identified the sooting zone on the fuel side of the reaction zone
some millimetres from the region of maximum temperature in a sandwich burner. More detailed
sampling measurements of soot in axisymmetric flames were made by Spengler and Kern (6)

and Tesner et al. (7). Spengler and Kern measured soot flow rate profiles (g/min) in a
hexane diffusion flame,5 Tesner found for C H-H flames _hat the particle formation rate
had a peak of about 10 particles/cm

3
-s virfeirly (10 s) in the flame and then decayed

rapidly. The measured flow rate of soot (g/min) however continued to increase with height
above the burner. A subsequent study by Tesner et al. (8) investigated a number of dif-
ferent hydrocarbon (1-4%) in H mixtures. Their measurements show the increase of soot in
the formation region and the shbsequent decline further up in the burnout region. The fuel
gas temperature was raised and generally showed an increase in 'formation rates (earlier
peak) and earlier burnout. Again peak particle formation rates occurred much earlier than
the region of large soot yield. The "activation energy" for the formation rate taken from
the temperature dependence was 140 - 180 keal/mole.

Lee, Thring and Beer (9) measured soot particle oxidation rates by sampling and tempe-
rature measurements above a hydrocarbon flame. They obtained an expression for the oxida-
tion rate in terms of oxygen partial pressure and with an activation energy of 39.3 kcal/

mole.

Detailed measurements of the soot structure in laminar diffusion flames including
profiles of soot volume fraction, particle size and number density have required optical
techniques. The fine position resolution, lack of flame disturbance and faster data col-
lection rates have made these methods popular. An early work by Kunugi and Jinno (10)
presents contours of soot volume fraction (f ) and number density (N) for an axisymmetric
LPG flame. They used the ratio of vertical t8 horizontal scattered light intensities to
obtain particle sizes of 100 - 200 nm but these were large compared with their sampled
size measurements. Kuhn and Tankin (11) used spectral absorptivity to obtain particle
sizes of 20 - 30 nm in a propane flame.

ILRecently a number of investigations (1.2-20) have appeared which fundamentally all use
the same technique on a range of different diffusion flame configurations. Laser lightextinction is used to determine soot volume fraction and the ratio between the soot seat-

tered light intensity and extinction coefficient leads to particle size and number densi-
ty . For an axisymmetric configuration the path extinction measurements first need to be
inverted to obtain radial profiles of soot volume fraction.
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A fairly consistent picture emerges of the sooting structure, which we will describe
from our measurements on a Wolfhard-Parker (sandwich) burner using ethylene fuel and air
(14-15). Figure 1 shows the optically derived measurements of soot volume fraction, par-
ticle diameter and number density in a nearly two dimensional diffusion flame. Soot volume
fraction f increases with height above the burner and the peak is located well on the fuel
side of thX flame. At a given height f decreases towards the flame (peak temperature zone)
and towards the centreline of the burner. Particle diameter contours (20-120 nm) are very
similar showing a general correlation with soot volume fraction as is also found in pre-
mixed flames. Number density, however, shows a steep decline of one to two orders of mag-
nitude (general range 1016 - 1010 m-3 ) with distance from the flame.

The measurements indicate (13-15) that particles are formed in the high temperature
zone near the flame and are transported to the fuel rich interior where real soot mass
growth subsequently takes place as the particles are convected upwards. If the flame is
overventilated - closes in upon the centreline - then partial or complete burnout of the
soot particles will follow as they then pass through the high temperature oxidizing region.
lemperature and velocity measurements in our flames (14.15) confirm these views. Figure 2
shows temperature contours and gas flow streamlines obtained from Laser-Doppler measurements.
Particles are transported from the flame to the interior by convection and thermophoretic
effects will drive them further from the high temperature region. During this period num-
ber densities fall rapidly by coagulation, but soot volume fraction does not increase
greatly until the interior is reached.

The temperature and velocity measurements allowed soot volume and particle number
production rates to be deduced from the conservation equations and a realistic coagu-
lation rate model. Figure 2 shows how particle production rates increase towards the flame
whereas soot volume production rates are highest closer to the cetrejine. The peak number
production rates here correspond with the sampled peak rates of 10, m -s - of Tesner et al.
(7)6 Sogt volume production rates df /dt were generally found to be around (100-300) x
10 s in a temperature region of 1200 - 14000C and in the lower half of the flame.

We can follow a hypothetical particle along a streamline as it progresses through
the flame field as shown in Fig. 3. (This is a longer flame than shown in Figs 1 & 2.)
Time is calculated from the reaction zone. The particle begins its trajectory where soot
production rate, temperature and number density are high. Soot volume fraction and parti-
cle diameter increase rapidly but number density drops because coagulation rates exceed
generation rates. As tne particle continues up the flame, temperature drops, soot produc-
tion rate decreases. f levels out and diameter increases slowly due to continued coagu-
lation. Measurements aY other conditions (16) show that in the burnout region particle
diameter decreases with soot volume fraction. The highest values of peak soot volume frac-
tion and particle diameter are found to occur in those flames where the particle trajec-
tory was parallel to the flame zone and particles spent a relatively long time in the high
soot production contours. Number densities in the highly sooting regions did not correlate
with soot quantity and are therefore propably not a soot production rate determining quan-
tity. In large diffusion flames new particles may possibly be formed along the centreline.

Jagoda et al. (12) measured soot in axisymmetric polystyrene and polypropylene flames.
Generally characteristics were similar to ours although their maximum soot volume fractions
occur quite low in the flame. Soot particle sizes measured by sampling were about 40 nm
at all heights in the smoking polystyrene flame. This compared with the light scatteredmeasurements which gave a range or 50 - 100 nm. The authors concluded that in the lower
parts of the flame individual particles are found whereas higher up the optical measure-
ments give an indication of aggregate sizes.

Kennedy et al. (16,17) investigated propane and ethylene stagnation point diffusion
flames stabilized around a porous cylinder, through which the fuel is ejected. This is
essentially a one dimensional configuration with the flow perpendicular to the flame from
the air to the fuel side and with no possibility of air leakage around burner lips. The
structure of the sooting zone is again the same as shown in the Wolfhard-Parker burner.
An increase in the air velocity reduced f and particle diameter but did not significantly
affect the number density profiles. An in~rease in 0 in the air increased temperature.
soot volume fraction and diameter and slightly increise number density.

Santoro et al. (19) investigated the effect of increasing port velocity in an axi-
symmetric ethylene flame. As the port velocity is increased the flame length increases
proportionally and at a certain flow rate the flame begins to smoke - i.e. soot is emitted
as a plume. Santoro showed that when the axial co-ordinate is non-dimensionalized by the
fuel flow rate (Burke and Schumann (21) scaling) then the axial profiles of soot volume
in the formation region are very similar for all flame conditions. Particle size and
number density in the formation region are also very close for the smoking and non-smoking
flames. In the burnout region large differences become evident with the non-smoking flames
showing a rapid decrease in f .Particle size and number density also decrease. The soot
volume fraction for the smokiXg flame, however, remains almost constant with increasing
height.

The similarity of the normalized soot profiles is to be expected on theoretical
reasoning. At any flow rate, particles have the same species concentration-time histories
as they pass through the flame. The question is why does burnout cease for the higher
flow rate flames? In the case of turbulent rlames, to be discussed in the next section,
similar behaviour is attributed solely to the temperature in the oxidizing region. This
cause is not clear here because the flame size is proportional to flow rate (Roper et al.
22) and so the temperature loss due to radiation is expected to be invariant with flow

------.---.---- -.. a . .
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rate. In reality the temperature may drop with increasing flow (for example the flame be-
comes narrower with height and so the surface to volume ratio is increasing). because of the
expunential temperature aependence (9), a small difference may significantly reduce the
oxidation rate. This in turn means there is more soot left to reduce the temperature fur-
ther by radiation losses.

Other detailed studies on the effects of changed conditions or differing fuels are
scarce. The experimental work of Roper and Smith (20) shows that as air supply is reduced
soot formation rates can decrease, the onset of burnout is delayed and burnout rates de-
crease. The work of Glassman and Yaccarino (23,24) and Schug et al. (25) determine the
net effects of temperature, oxygen, inerts and other additives on the smoking propensity
of different fuels, but the relative effects upon the formation and burnout fields have
yet to be measured.

To conclude this section, a summary of experimentally determined soot quantities in
laminar flames is presented in Table 1. This is to provide a perspective rather than a
direct comparison since conditions vary quite widely.

Table 1: Soot Particle Measurements in Laminar Diffusion Flames

Author Flame con- Fuel Method f maxX106 N(m
-3
) d(nm)

figuration v,

Lee et al. (9) axisymmetric C3 H8 mix sampled &40

Kunugi and Jinno (10) axisymmetric LPG optical 1 10 12_-1015 100-200

sampled 40-50

Kuhn and Tankin (11) axisymmetric C3 H8  optical 20-30

Tesner et al. (7) axisymmetric H2 -C2 H2  sampled 1018

Roper and Smith (20) axisymmetric CH 4  optical 0.4

C3 H8  optical 2

Jagoda et al. (12) axisymmetric polystyrene optical 10-30 10 16-1017 50-100

sampled 40

Haynes and Wagner (13) sandwich C2 H4  optical 2 10
16

-10
18  

5-70

Kent et al. (14,15) sandwich C2 H4  optical 7 10
16 -1018  

10-120

L Kennedy et al. (16,17) stagnation C3 H8  optical 1 1017-10
18  

5-25
C2 H4  optical 0.3-2 i0

16
-i0

1 7  
15-70

Nakamura et al. (18) axisymmetric methanol/ optical 4

benzene

C3 H8  optical 3

Santoro et al. (19) axisymmetric C2 H4  optical 10 10
16 -1018  

10-100

TURBULENT FLAMES

Turbulent flames which are the more interesting from the practical viewpoint have not
been researched as extensively as laminar flames by optical means. Soot concentration
measurements by sampling are in the majority.

Hein (26) presented soot and other species concentrations measurements by sampling
in a large industrial furnace burning either heavy fuel oil or propane. The axial pro-
files show the initial soot formation region in the fuel rich region of the flame followed
by the decline in the burnout region. The peak in soot concentration is considerably closer
to the burner than the CO2 peak and is in fact similar to the CO concentration profile.

Hein found that increasing the percentage of primary air increased both the soot
formation and burnout rates. Increased velocities decreased soot formation and increased
burnout rates. The author concluded that combustion of soot is controlled by the entrain-
ment rate Cf secondary air into the flame. By assuming a first order reaction he obtained
an activation energy of 21-22 kcal/mole for the soot formation process.

A probe-sampling investigation by Maravel (27) in an industrial furnace burning heavy
oil or natural gas gave similar results. The axial soot profiles were again spatially
similar to the CO distributions. The fraction of carbon in the fuel converted to soot was
5% for natural gas and 20% for the heavy fuel oil. Particle sizes were measured to be
20-30 nm along the axis of the furnace. Chemical analysis of the soot particles showed
atomic ratios H/C a 0.18 for natural gas and H/C - 0.72 - 0.19 for the fuel oil.

- ... ' -. 4
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Sjdgren (28) carried out experiments with an oil burner to determine the effects of
excess air, droplet size and recirculation on soot emission. He separated the effects of
excess air into two components. The conclusions were that increased air velocity relative
to droplet velocity extinguishes droplet diffusion flames and reduces soot. Decreased 0
concentration (such as occurs in recirculation) generally reduces soot formation by 2

lowering the required extinction velocity. Extinction velocity increases with droplet
size and so small droplets produce less soot.

Dalzell, Williams and Hottel (29) investigated a turbulent free acetylene flame by
optical means and their method agreed with sampled concentration within a factor of two.
Soot particle diameters of around 205 nm were obtained from polar scattering distribu-
tions and they presented radial profiles of soot mass concentration through the flame.

Magnussen et al. (30.31) investigated free turbulent acetylene flames by light scat-
tering and some sampling. The statistics of the fluctuating light scattering signal in-
dicated a very intermittent soot structure in the flame. The length scale of the indicated
structure increased with distance from the fuel nozzle up to the location of the peak in
the scattered signal intensity. The authors concluded that soot is formed in eddies sepa-
rated by regions with very little soot. Large soot agglomerates are indicated by the di-
symmetry of the scattered signal in downstream regions. The probability density functions
of the signal also change from a Gaussian-plus-delta function near the nozzle to a con-
tinuous skewed distribution further downstream. Inert additives to the fuel and increased
fuel jet velocity were found to decrease the amount of soot in the flame.

Some theoretical modelling based upon particle formation and burnout rates in laminar
flames applied to the turbulent field were also presented and were favourably compared
with experiment.

Prado et al. (32) sampled soot (and polycyclic aromatic hydrocarbons) in furnace
flames of kerosene and benzene. PCAH profile peaks always preceded soot profile peaks as
in laminar diffusion flames (6). They found that at low velocity, a slight decrease in
atomizing air pressure resulted in a 20 fold increase in soot concentration and a large
increase in smoke emitted. At higher velocity this sensitivity was not evident. They ex-
plained the effect as being due to larger fuel droplets at low pressure whose flame enve-
lopes are sensitive to extinction by the relative air velocities. Particle sizes were
measured and ranged from 14 - 30 nm and they were agglomerated in larger units or
chains. Atomizing air pressure did not affect particle size. Average particle size tended
to increase slightly in the burnout region. This was attributed to smaller particles
burning out first and possible internal oxidation and collapse of other particles.

Pagni and Bard (33) and Sch6nbucher (43) measured soot in solid and liquid fuel fires.
These flames would probably be considered more as flickering laminar flames rather than
turbulent in the present context. Pagni and Bard used multi-wavelength laser light extinc-
tion to determine soot volume fraction and particle size. For purposes of analysis the
flames were considered as homogeneous6 sooting bodies. Isooctane, one of the liquid fuel 5 I
had a soot volume fraction 0.62 x 10- , particle size 46 nm and number density 2.7 x 10

Becker and Yamazaki (34) investigated buoyant free turbulent propane and acetylene
flames by scattered light intensity. This was related to sampled soot concentrations. They
found that similarity of profiles could be achieved when plotted against Richardson number.
Their measurements also imply constant particle size in the burnout region. In further
work Becker and Liang (35) sampled soot from the exhaust of turbulent flames from a variety
of fuels. They established a soot yield order C H * C2Ha  # C H > CHa , C H6 . The soot
yield was again found to correlate well with Righirdson ndmber M the athos point out
chat Richardson number is in turn correlated with the flame residence time and so the de-
termining factor cannot be established.

Beretta et al. (36-39) investigated the flame yield of a free diesel oil spray flame
under laboratory conditions. Light scattering and extinction techniques were used to de-
termine droplet and soot particle quantities. The polarization ratio of the scattered
light was used to distinguish between soot particles (small polarization) and fuel drop-
lets (larger polarization). Scatter to extinction ratios were used to determine soot pgr-
ticle volume fraction and size. Volume fraction in the downstream region was up to 10
and particle sizes ranged from 20 nm initially to 120 nm further downstream. In the region
near the nozzle they found the soot production zone to be located in a compact high tempe-
rature annulus surrounding the fuel jet. Further downstream the profiles are more uniform
and believed to be determined more by mixing and recirculation than by local production
processes. PAH. indicated by fluorescence, preceded the region of soot formation which oc-
curred in higher temperature zones.

-Further work by sampling on the same burner was carried by Ciajolo et al. (40). They
showed that in the fuel vapourization region ethylene, light PAN and other pyrolysis pro-
ducts are formed followed by heavier PAN and soot in subsequent zones at higher tempera-
ture.

Nishida and Muk5hara (41) measured soot and other species concentration profiles in
a turbulent C H diffusion flame. They varied the inlet air temperature and inlet velocity
to determine M effect upon sooting. Axial and radial soot profiles peaked just on the fuel
side of the temperature peak. The radial profiles showed a very steep drop indicating rapid
burnout at the peak in the radial temperature profile. For the high velocity flame an in-
crease in inlet air temperature led to an increased soot formation rate but also an In-
creased burnout rate so that smoke emission ceased. In the case of the low velocity flame,

______7_
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the increase in air temperature again increased the soot formation rate but this time be-
cause of the lower velocity, temperature losses by radiation meant that the burnout rate
remained the same and more smoke was emitted. This clearly demonstrated the importance of
temperature on the burnout as well as formation rates and on the subsequent smoking propen-

uity ol the flime.

The picture which emerges from these studies is that soot is formed on the fuel side
of the peak temperature contour after the initial light pyrolysis products, but before the
main products CO2 and H 0. in several of the studies the peak in the soot concentration
profile is close to thai of CO. The soot formation rate is sensitive to initial conditions
- air velocity, fuel droplet size. fuel type initial temperature. Soot burnout begins
to occur very close to the peak in temperature where 0 starts to penetrate. The burnout
rate is sensitive to mixing rates (amount of air preset) and particularly to temperature.

Individual particle sizes are probably around 20 - 40 nm but may appear (particular-
ly by light scattering measurements) as large agglomerates of 200 nm or more in the down-
stream flame regions. The structure of the soot burning zones is highly intermittent (as
is that of other products and temperature) in the turbulent flame field.

A comparison of the maximum measured soot concentrations from the reviewed studies
is presented in Table 2. Apart from the data for the heavy fuel oil and for acetylene
there is not a great deal of variation.

Table 2: Maximum Measured Soot Concentrations

Author Flame type Fuel Soot (g/N m
3 )

Hein (26) Furnace Heavy fuel oil 30 - 50

Beretta et al. (34-39) Free Light diesel oil 5

Ciajolo et al. (40) Free " " " 5

Prado et al. (32) Furnace Benzene 10

" " " Kerosene 4

Pagni and Bard (33) Fire Isooctane 3
*p

Dalzell et al. (29) Free C2H 5

Magnussen et al. (31) Free C2 H2 10 - 15

Becker and Yamazaki (34) Free C3 H 0.8

Hein (26) Furnace C3H8  6 - 7

Nishida and Mukohara (41) Enclosed C3 H8 5 

Kent and Bastin (42) Free C2 H2  100

Published light scatter measurements - have been multiplied
by 5 here to approximate standard volume conditions.

Overall it is still not possible to reliably predict soot formation and burnout rates for
a particular system. In some cases (Becker et al. 34,35) the rates maybe entirely mixing
rate controlled although more generally this is not true. Some recent work by Kent and
Bastin (42) is aimed at determining soot formation and burnout rate influences in turbu-
lent acetylene flames. Free turbulent flames were investigated over a range of nozzle
sizes and jet velocities to ascertain the effects of initial conditions upon the soot

field. Test conditions ranged from 20 - 200 mls nozzle velocity with nozzle sizes of
1.5 - 5 mm.

These flames were generally not affected by buoyancy as evidenced bY2 near constant
soot profile peak positions over all conditions. Richardson numbere gD/ o  (D is nozzle
diameter. U is nozzle fuel velocity) ranged from (0.5 - 20) x 10

- 
. The flame time con-

stant, t= /U , was found to determine the sooting behaviour of the flame. Laser light
extinction measurements were made transversely across the flame axis and were converted
by way of Mie extinction theory to equivalent soot volume fraction. This is the soot
volume fraction which has the same extinction over a path length equal to the nozzle dia-
meter.

Figure 4 shows six test conditions with varying nozzle diameters and velocities but
with only two time constants, 0.1 and 0.33 ma. The axial profiles agree very well at their
respective time constants and the differences between the two series is quite marked. The
agreement is perfect on the soot formation side with some divergence appearing in the

* I
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burnout region.

Soot cross-section average temperature measurements made by the Kurlbaum method are
also shown. They show a drop in temperature with distance from the nozzle due to radia-
tion losses. The temperature is therefore also a function of the amount of soot present
and the profiles also fall into two groups according to the flame time constant.

The effect of increasing fuel jet velocity upon the equivalent soot volume axial
profiles for the 3 mm nozzle are shown in Fig. 5. Velocity varied from 30 - 150 m/s. Con-
ditions 1-3 were heavy smoke emitters as can be seen from the high values of the profiles
in the downstream regions. However. for conditions 1-5 (velocities 30-69 m/s) the pro-
files are almost identical in the formation region at the peak and in the burnout region
up to X/D = 100. That is,at the point where the curves begin to diverge,soot conditions
in all these flames appear to be the same. The reason why the burnout rates quite sud-
denly drop for conditions 1-3 is apparently due to the lower temperatures in the slower
flames as shown. Temperatures are lower in the slower flames as residence time is longer
for similar radiation loss rates. The smoking propensity of the flame therefore appears
to be entirely due to temperature in the downstream region and is independent of the peak
amount of soot formed.

As jet velocity is further increased (conditions 6-8. velocities 91-150 m/s) the soot
formation regions and peak values also show significant reductions in soot quantity. Rela-
tive soot formation rates were obtained from the slopes of the profiles at X/D = 50 for all
conditions and nozzle sizes. In order to get a nominal time-based formation rate. the gra-
dients are multiplied by nozzle velocitiesas local velocities at X/D = 50 were not meas-
ured. These are shown in Fig. 6 against I/t which is termed the flame mixing rate. The
soot formation ratj is linearly proportional to the mixing rate with very little scatter
up to IIr = 20 ms . Thereafter soot formation rates level out and show more scatter.
These data therefore indicate that at low mixing rates,soot chemistry is faster than
mixing rates and the rate of soot formation is controlled by mixing rates. At higher
mixing rates, chemistry is the controlling rate and it may in turn depend on other factors
such as temperature and minor species concentrations in the flame.

In the burnout region the situation is a little more complicated. Figure 7 shows
nominal burnout rates against mixing rates at X/D = 125 and 175. The dependence on mixing
rate is again clearly evident but it is no longer linear. A threshold in 1/t below which
burnout rates are zero has developed and this threshold increases with X/D. Falling tempe-
rature is evidently the important factor since 0 concentration increases with downstream
distance. At higher mixing rates, burnout rates ievel out and are therefore dependent upon
other factors too such as species concentrations.

The dependence of burnout rates on temperature is shown in Fig. 8 for all X/D 100.
The well defined upper bound shows the limiting influence of temperature. Burnout effecti-
vely ceases below 1000 - 11000C.

The conclusions from this study regarding burnout rates were that mixing rate, tempe-
hrature or species concentration can place a limit on burnout rates. Near the peak in the

soot profile it is likely to be species concentration (since burnout rates fall to zero
here). Further downstream it can depend upon mixing rates and towards the end where oxygen
concentration is high, low temperature can be the dominant factor.

CONCLUSIONS

The experimental investigations of laminar diffusion flames particularly by optical
means have yielded a good understanding of the separate regions of soot particle forma-
tion. particle growth and soot burnout. What is still not clear, however, is the depen-
dence of the rates of these processes upon the local species concentrations and tempe-
ratures. Experimental data where fuels, temperatures and concentrations are varied and
where optical soot measurements are combined with gas analysis would be invaluable but
very laborious. Glassman's data show that neither fuel type nor temperature alone deter-
mine sooting behaviour and so simple relationship may not be easy to find.

Ultimately modellers of practical combustors would like to insert local soot reac-
tion rates, gleaned from laminar flame data, into turbulent flame models and thus be able
to predict the sooting field. This fundamental approach may be the most difficult. The
alternative is to try to obtain experimental data in turbulent flames to directly estab-
lish the controlling parameters. Some headway has been made here. The regions of soot
formation and burnout have been recognized and some effects of changed initial conditions
upon these rates have been discovered. The importance of fuel, temperature, flame time
constant and the addition of active or inert additives upon the separate processes has

_been noted. What remains now is to measure absolute formation and burnout rates in terms
of these recognized parameters in order to obtain useful correlations for the combustion
engineer.
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DISCUSSION

K.Homann, Ge
What was the limitation for the temperature measurements at low X/D values in Figures 4 and 5?

Author's Reply
The Kurlbaum temperature method compares the intensity of radiation from the reference lamp viewed directly
with that when viewed through the flame. We found that discrimination became difficult when soot absorption
(of the laser beam) dropped below about 10 percent. This limited the range of temperature measurements.

2
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SUMMARY

-- A part of the soot particles in fuel-rich hydrocarbon flames carry an electric charge.
Charges of both signs occur on soot particles in the same flame. Through a molecular
beam sampling systempcharged soot particles and smaller ions have been drawn from low pres-
sure flames of acetylene and benzene and analyzed in an electrostatic mass filter and a
deflection system. The development of particle mass, number density and the volume frac-
tion of charged and neutral soot is reported for these flames under different burning con-
ditions. The volume fraction of charged soot in acetylene flames increases with temperature
while there are no large charged soot particles at all in benzene flames. The role of
charged species in the mechanism of soot formation and the process of charging is discussed
in terms of a chemiionization mechanism.

INTRODUCTION

Soot particles can acquire a positive or negative electrical charge when they are formed
in the flame. The degree and the sign of ionization depends on the fuel and on the burning
condition. This fact has been used to influence carbon formation through external electric
fieldSwith special laboratory flames by drawing the particles to the electr< es or into oxy-
gen-rich parts of the flame where they are burned [1,2].

On the other hand, the role of electrically charged soot particles and their precursors
in the mechanism of carbon formation has been and still is studied and discussed [3,4].
With some fuels thermal equilibrium of soot ionization seems to be established fairly soon,
for others this is not true [5]. The degree of soot ionization can be strongly increased
by the addition of alkali or alkaline earth salts to the flame [5,6]. Thereby, a large
fraction of particles is charged negatively so that their agglomeration to larger aggregates
is impeded and very small particles leave the flames which may be burned faster with addi-
tional oxygen. Conversely, the presence of solid soot particles in the flame has a strongly
promoting influence on the rate of metal ionization as compared to this process in non-soo-
ting flames [7].These short introductory remarks on the ionization in sooting flames and
the means to influence it show that this subject is of considerable interest both from a
practical point of view and for the understanding of the physico-chemical processes leading
to carbon formation in flames.

The subject of this paper is the investigation of the degree of positive and negative
ionization of soot in premixed flames of acetylene and benzene under different burning con-
ditions and of the mass distribution of charged soot particles.

EXPERIMENTAL

Burner and Flames

The flames studied were premixed acetylene-oxygen and benzene-oxygen low pressure flat
flames burning on a 7.5 cm diameter water-cooled sintered disk burner. The burner could be
moved vertically in the burner housing to make possible sampling from different heights in
the flame. The sampling nozzle was always held at ground potential. The flow of acetylene
and oxygen was controlled in the usual way with capillary flow meters and needle valves.
For benzene flames pure oxygen was saturated with benzene vapor and then mixed with further
oxygen to get the desired ratio. Temperatures in the burned gas of these flames had been
measured in a precedent work using the sodium line reversal method [8].

The Sampling Nozzle and the Detection Systems for Charged Particles (Fig. 1)

The flames were sampled through an orifice on top of a conical quartz probe of 60 mm
height and 50 mm base diameter. A supersonic nozzle beam from the soot-loaden flame gases
was formed inside this probe and expanded at a background pressure of about 0.1 Pa genera-
ted by a 1000 1 s

- 
diffusion pump. Since charged particles were to be sampled platinum

paint was burned onto the inner and outer surface of the probe which was kept at ground po-
tential, so that no uncontrollable surface charges could form on the probe. For the detec-

p tion of positively and negatively charged species two different techniques were applied.
The first, an electrostatic energy filter, was used for smaller particles with masses up
to about 2.104 atomic mass units (u). It has been described previously [9,5]. In short,
it consists of an array of three parallel grids made of fine copper mesh which were placed
inside the sampling cone near the sampling nozzle,perpendicular to the axis of the beam.
The first grid at ground potential together with the inside wall of the probe provided a
field-free space for the nozzle beam to expand to free molecular flow condition. An energy
separation of the charged particles was obtained by applying a repelling voltage AU to the
second grid.This let through only those particles for which 1/2 mv2 z QAU,where m, v and
Q are mass, velocity and charge of the particle, respectively.
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Fig. 1. Two different experimental set-ups for the detection and mass analysis of
charged soot particles

AU was positive for positive and negative for negative ions. The third grid served as the
detector. For positive ions it was biassed negatively and vice versa for negative charge
carriers. An integral kinetic energy spectrum was obtained when the detector current was
monitored as a function of the repelling voltage AU. The spectrum is then differentiated.
To convert it into a mass spectrum the velocity and the charge of the particles must be
known. This mass separator can be used for ions with masses between about 20 and 2-10' u.
Higher repelling voltages were not used because of corona discharges. Total ion currents
could be measured with zero repeller voltage or using the first grid as detector. Fig. 2
shows typical mass spectra of charged particles obtained with this mass separator.
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Fig. 2. Mass distributions of positive and negative soot ions in a flat C2H2 -O,-flame.
C/O 1.12, p = 27 mbar, vo = 42 cm s

-
1

The mass scale is only approximate since the velocities of the particles in the beam are
not known exactly. Measurements on flames seeded with Cs

4 
ions (m = 133 u) and new results

on the mass of large negatively and positively charged particles made necessary a correc-
tion of the mass scale published previously [5,9].



The other detector was used for larger soot particles, both neutral and charged ,see
Fig. 1. The center part of the beam entered a second high vacuum chamber (p _ 10- 1 Pa)
through another circular orifice (0.8 mm diameter). The charged particles were deflected
in the transverse electric field of a plate capacitor. They impacted on a glass plate in
some distance from the field where the soot particles were deposited.The pattern of depo-
sition from neutral, positively and negatively charged soot particles was then measured
undera microphotometer. The absorption of light was taken as a measure for the amount of
soot deposited. It proved necessary to use glass plates covered with a uniformly transpa-
rent conducting layer in order to hold them at ground potential. Otherwise, surface char-
ges of the deposited soot generated local electric fields preventing the following particles
from being captured on the glass.

Fig. 3 shows an absorption curve of the AbscrpL,0n
deposits on the glass plate. The absorption Artunm Nmtrals
due to neutrals is of circular symmetry so
that its shape can be determined by a photo- r
metric scan at a right angle through its
center. The shoulder on the peak of the po-
sitive soot ions is most probably due to
doubly charged particles since its position G
is just at double distance from the center
of the neutrals (beam axis) compared to the
maximum of the singly charged soot particles.
Doubly charged particles were only found in 2
acetylene flames of higher temperature. The
figure shows experimental absorption curves
and the contributions of the neutral and
the charged soot particles from a sooting
acetylene-oxygen flame. The area under the -

individual curves is a measure for the 0
respective amount of differently charged Dslsr , lbss pot'in
soot in the flame. fFig. 3. Absorption curves (solid lines)

Although the main purpose of the sepa- for deposits of neutral, nega-
rate detection of larger neutral and charged tively and positively charged
particles was the determination of their soot particles on the glass
relative amount in flames of different fuels plate from a C2H2-flame. The
and burning conditions the deflection by dashed lines show the sepa-
the electric field could also serve as a rate contributions of the
rough mass discriminator. Carrying the same charged particles.
charge light particles are deflected more
than heavy ones. The reason is the same as for the mass separator described above. The soot
particles in the beam are accelerated to velocities much higher than their thermal veloci-
ties in the flame. The gain in kinetic energy in this expanding gas beam seeded with the
soot particles is the larger the heavier the particles are. I
Burning and Measuring Conditions

The flames burned under a pressure of 27 mbar (20 Torr). Flat flames of this size and
pressure have been extensively studied as concerns concentration profiles, temperature and
absolute concentration of soot and size distribution of comparatively large soot particles
so that these results can be discussed and compared within a larger frame [10,11,12,131.
initial flow velocities of the unburned mixture covered the range between 30 and 60 cm s- 1.
An increase in the flow velocity or the throughput, respectively, results in a higher tempe-
rature at the maximum and in the soot forming zone of the burned gas. The Table gives the
burning conditicns of the different flames.

ror each flame, samples were taken from Table: Burning conditions of C2H2 and C6H6-
different heights in the soot forming zone. flames
The measurements with the electrostatic Flame No. C/o
mass filter were also extended into the and Fuel cm s_ mbar
oxidation zone. Sampling times for eva-
luable deposits on the glass plates va- 1, C2H 2  1.12 50 27

I ried from 20 s for a strongly sooting ben- 2 C2H2  1.12 37 27
4 zene flame at a height of fully developed

soot concentration to about 12.103 s 3, C2H 2  1.12 30 27
at a height near the oxidation zone of an 4, C2H2 1.3 60 27
acetylene flame where soot formation just
began. Care was taken that the orifice did 5, C2H2  1.3 50 27
not clog during the sampling time. 6 C2H. 1.3 42 27

7, C6H6 0.82 44 27
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RESULTS

Relative Volume Fractions of Neutral and Charged Soot

Fig. 4 shows the relative volume fractions of neutral and charged soot in two slightly
sooting C2 H2 -0 2 -flames of a C/O ratio of 1.12 (same as that of Fig. 2) but with different
flame temperatures caused by different flow velocities of the unburned gas. The respective
temperature profiles are also given in the figure. Positive soot ionization becomes first
measurable at a height between 14 and 15 mm above the burner. (The term "above the burner"
is used traditionally although in
this set-up the flame burned under the
burner which does not influence its Re[Vive sGO voume tracion/% Temperature/ K

shape.) This compares well with the 1 I I -  ----- - -
mass distribution functions obtained 0
with the electrostatic mass filter 12000
(Fig. 2) at this height of the flame.
Positively charged particles of somethousand mass units are being formed o neutro - 10at this height. From a comparison of 

0er -

these two methods and the fact that -0- 1800
with the mass filter negative soot
ions of masses z2509 u can be found 50f
at this height but do not yet appear
on the glass plateit is estimated
that only particles with masses lar- -
ger than about 6000 u can be de- - - o
tected by the glass plate method. -

In the hotter flame the fraction •
"

of positively charged soot increa-
ses steadily reaching about 33 per- . 20 25 3 3 40
cent while the profile of negatively

charged carbon particles shows a Height above the burner/mm

similar shape but is lower by a fac-
tor of about 0.5. In the flame with Fig. 4. Profiles of relative soot volume frac-
lower temperature the fraction of the tions of neutral and charged soot and
positively ionized amount of soot of the temperature in flamesNo.1
is smaller. But in this case it is equal (dashed lines) and 2 (solid lines)
within the limits of experimental error
to that of the negatively charged soot.
The lower flame temperature does not only influence its electrical state but also leads to
a larger yield of soot. The latter effect has been studied before without separation of neu-
tral and charged soot [9,10].

The same is true for a more strongly sooting C2 H2 -O1 -flame with a C/O ratio of 1.3 as
shown in Fig. 5. Again the ionized fraction increases from the beginning of soot formation
and levels off at height of 30-40 mm.

In flames of higher temperature there Temperature/K
is relatively more positively than nega - -2100
tivel charged soot while these frac- 0
tions are again almost equal in the 

I.\r
lower temperature flames. 8 -2000

Fig.6 gives relative total soot 2 1900

volume fractions in flames No.'s
1-6 showing the influence of C/O 0 n1800
ratio and flow velocity on the yield
of soot. At the beginning of the _Q
curves at low heights the real amount S 50
of soot might be somewhat higher
since the sampling efficiency for - e-
very small soot particles on the
glass plate is not 100%. - e -

Flames No. 2 and 6 have almost
the same temperature profiles be-
tween 20 ancu 40 mm above the bur-
ner. Their fractions of charged
soot are also very similar, while 15 20 25 30 35 40

the total soot concentration is larger Height above the burner/mm
by a factor of 3 to 4 in the flame

with the higher C/O ratio. Flames
No.2 and 5 do not differ very much Fig. 5. Same as in Fig.4 for flames No. 4
in their total soot concentration. (dashed lines) and 6 (solid lines) *However, the temperature in flame No.

5 is higher and so is the fraction of positively charged soot. Thus, the fraction of
charged soot in different flames is more strongly correlated to the temperature than to
the total soot concentration. That in one and the same flame there seems to be quite a
different correlation (increasing fraction of charged soot with increasing soot concen-
tration and decreasing temperature) is not true.



To explain it the change of number density, size of the soot particles, and the number den-
sity of all ionized species in a flame has to be taken into consideration.

Fig. 6. Profiles of relative 
100F RCethve s00t voemjre trauhon 36-

total soot volume Arbitrary units 3
fractions from the
deposits on the glass
plate for flames 6
No.'s 1-6 (see table).

~2 2

15 20 25 30 35 40
Height above the burner/mm

Approximate Mass Distribution Curves for Large Charged Soot Particles

From the absorption pattern of the deposits on the glass plate a rough mass distribution
of the heavy charged particles can be obtained.

For the deflection of a beam of charged particles of mass m and charge Q in the homoge-
neous field between two plate electrodes the following equation holds for the distance r
(from the center of the beam of neutral particles) where the charged particles hit the
glass plate

rUQlL

m V
2 

d

Herein is U the voltage, d the distance between the electrodes, 1 the length of the capaci-
tor and L the distance between the middle of the capacitor and the glass plate. An exact
evaluation of m according to this formula is difficult since the velocity distribution of
the large particles in the beam is not known with sufficient accuracy. v(m) has been esti-
mated from the measured mean velocity of Cs+ in the beam [5] and the results of the seeded
beam theory for large particles [14,15). In Figure 7 a mass distribution for charged soot
from the glass plate deposits is shown.
Because of the uncertainties in v and the A
neglect of the beam width this distribu- Abundonte/Arbtrory umtl

tions are not exact. The real distributions F
should be somewhat narrower. However, the o
curves show that there is no appreciable
difference in mass of positively and nega- o
tively charged soot particles. The average /
diameters calculated for a density of 2 g 0
cm3 are also about the same as those ob- -o,
tained from optical measurements on soot 

0

at this height of the flame. In an earlier
work an overestimation of the particle 0
velocity in the beam lead to the conclu- 0
sion that charged soot particles in C2H2 - L
Oh-flames are smaller than neutral ones. It o
is believed now that if there is any dif- / 0
ference in size it must be much smaller
than assumed previously.Thus, one may con-
clude that for the comparatively low degree
of ionization in flames not seeded with
alkali salts the charge has no influence C S o 1000

. on the growth of the soot particles. Mass/10 3u

Fig. 7. Approximate mass distribution for

height of 40 mm above the burner in
flame No. 6

, i I



Mass Distribution in the First Stage of Soot Formation

The development of the mass distribution of charged particles in the very first stage
of soot formation can be seen from the results obtained with the electrostatic mass filter
(Fig. 2). This stage corresponds to a flame zone between about 13 and 17 mm above the bur-
ner in most of these flames (except flame No. 3). Here, most of the charged particles have
masses of a few thousand mass units and only a small fraction of them has already gained
more mass to be detected by the glass plate method. In this stage the positive soot ions
have a distinctly larger mass on the average than the negative ions. An appreciable part
of the negative ions even has masses below 103 mass units. Another part of the negative
charge carriers consists of free electrons. The reason for this lies in the mechanism of
soot charging which takes place in this early stage of soot formation. From these results
is can also be seen that the difference between the volume fraction of positively and ne-
gatively charged soot in the high temperature flames must be due to the presence of small
negative soot ions and free electrons which do not deposit on the glass.

Benzene Flames

When benzene-oxygen flames were sampled no deposits due to charged soot particles could
be detected on the glass plate, even with flames in which the soot concentration was
higher than in the strongly sooting C2H2-0 2 -flames. This astonishing fact, however, was
not quite unexpected since measurements with the electrostatic mass filter had shown that
there are practically no soot ions with masses larger than about 5000 u in a benzene flame.

There is a strong increase in ionization between 10 and 15 mm above the burner of par-
ticles having masses between some hundred and about 4.103 mass units [5,7]. But these
charged particles do not grow (see Fig. 8).

Abundance / Arbitrary units

Abundance /Arbitrary units
40 20 15mm above the burner 40

30 Negative tons 30 Positive Ions

I emm above the burner

20 30

10 10 10

4 a, 12. Rep.PotentldU/V . 8 12 Rep.Potenrft4U/v

1000 2000 3000 Moss/ u 1000 2000 3000 mass/ U

Fig. 8. Mass distributions of positive and negative soot ions in a flat CGHs -02 -flame.

C/O = 0.82, p = 27 mbar, v0 = 44 cm s-

In fact, the average mass of these positive soot ions decreases with the height above the
burner in contrast to the growth of charged particles in acetylene flames. In other
respects there are similarities in the mass distribution of small soot ions in acetylene

_and benzene flames. At least two groups of positive and negative ions differing in mass can
be distinguished. The mass spectra of positive ions in benzene flames look more complicated
and suggest that there might be three different groups of ions
1) small molecular and radical ions from the oxidation zone
2) ions in the range 300 - 500 u and
3) ions covering a broader mass range from 500 - 4000 u.
The absence of charged particles of larger mass is surprising since in flames of acetylene
and benzene that have the same concentration of soot in the burned gas the temperature of
the benzene flame is higher. The diffuseness of the neutral soot deposit on the glass plate
is an indication that in benzene flames soot formation starts with a relatively bigh number
density of very small particles which coagulate. Conversely, in acetylene flames the initial
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number density is smaller, but the rate of particle growth by surface reaction is larger,
leading finally to the same amount of soot for the respective initial C/O-ratios.

DISCUSSION

From the existence of charged soot particles in hydrocarbon flames and their growth or
disappearance, respectively, more can be learned about the complicated process of carbon
formation in flames. On the other hand, the additional facilities to manipulate charged
particles and to influence their state and degree of charging can be profitably used for
analytical purposes and to control the amount and the state of carbon formed in flames.

General Mechanism of Soot Formation

The behaviour of charged soot particles shall be discussed within the more general frame
of processes occuring in a premixed sooting flame. Through pyrolytic and oxidative reac-
tions in the main reaction zone of the flame a number density of particles of hydrocarbon-
type in the mass range between some hundred and about one thousand mass units is formed at
the end of the oxidation zone. These are sometimes called nuclei for soot particles .r pri-
mary particles. These primary particles grow by surface reactions with reactive, mainly
unsaturated hydrocarbons and their radicals from the gas phase and simultaneously coagulate.
Through the former process the total amount of soot increases with increasing height in the
flame or reaction time, respectively. The latter orocess causes a rapid decrease in par-
ticle number density and an increase in the size of the particles without influencing the
total amount of soot. The random coagulation of the particles causes a certain distribution
in particle size which has often been described as a log-normal distribution. In low pres-
sure flames, such as these, the process of soot formation ends with the formation of quasi-
spherical particles having diameters between about 10 and 20 nm. In normal flames at at-
mospheric pressure the single particles can grow larger and they stick together in chain-
like or grape-like irregular clusters.

Whereas the coagulation law which governs the decrease in number density is well under-
stood the largest uncertainties in interpreting or predicting the amount of soot formed
in the flame lies in the number density of the primary particles and in the individual
rates with which different gas phase species undergo surface reactions on the growing soot
particles. The number density curve must necessarily go through an early maximum. The
position and the height of this maximum, however, depends on how exact number densities
of small particles can be determined.The beginning of this curve is also dependent on how
primary particles are defined or in other words where one sees the transition between
a large molecule and a primary soot particle on a mass or diameter scale.

Mass spectrometry in combination with gaschromatography has been used to analyze hydro-
carbons with masses of some hundred mass units and to determine their concentration. This
is difficult for molecules with m ' 300 u. Moreover, not all large hydrocarbon molecules
can be considered as primary soot particles or their direct predecessors. There is evi-
dence that mainly hydrocarbon radicals in the mass range 102 u < m < 108 u should be con-
sidered as potential primary particles. Mass analysis of electrically charged soot particles
together with measurements of their volume fraction and number density can give additional

information on the number density of primary soot particles and on the character of the
surface reactions. Through these experiments the smallest soot particles are defined as
those that have gained a mass of a few thousand atomic mass units and whose ionization
potential has become as low as about 4.8 to 5 eV so that they can be ionized much easier
than large hydrocarbon molecules (5]. Total soot volume fractions calculated from those
of charged particles and their mass should be compared to volume fractions obtained with
other methods.

Calculation of Total Number Density and Soot Volume Fraction

For the total soot volume fraction 4s the relation
S CS <ms> I

s Is

holds where Cs is the total number density of soot particles, <m> the number average massand qs the density of the single soot particle. Since sis certainly the same for charged

and neutral particles the ratio of the volume fraction of positively charged particles, 0+,
to the total volume fraction is

*+ C+<M+>
s

where C, is the number density of positive soot ions and <m> their average mass. If m,-
<m,>(see above) then C. can be determined from a measurement of C. and *+/$s.?ig. 9 gives
a profile of C. along the height in the flame obtained from a previous measurement of C
(5,71 and the reported relative soot volume fraction of positively charged particles
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for flame No. 6. It shows that C. is about Numlpr 1es3 /10"m 4cUj' ,rcniC
2.101cm

- 3 
at a height where soot formation

begins in this flame. The total number densi- -4

ty of hydrocarbon molecules in the mass
range from about 200 to 600 u is of the
order of 1012 cm "3 at this height in the r m
flame [16,171. In view of the fact that not
all of these hydrocarbon molecules are trans-
formed into soot but form the comparatively o
stable aromatic hydrocarbons such as pyrene,
chrysene or coronene etc. a number density
of 2.1011 is a reasonable figure for nuclei
of soot particles in this acetylene-oxygen- 2
flame.

The mass analysis of charged particles
gives an average mass of about 5.105 u CS- .1
for soot particles at a height of 40 mm / I
in this flame. This corresponds to a total, -<

soot volume fraction s of 3.8-10 - 9 if a
density of 2 g cm- 3 is adopted for the soot. 2
For comparison , from optical measurements ./
by Bonne et al. a value of 4.5-10 - 9 for s -.
can be interpolated for an C2H 2 -02-flame 1C 20 30 40
burning under these conditions 110]. Taking Height cbcv the burnar/m
this figure as a benchmark a profile of 0s
can be obtained from the total deposits Fig. 9. Number densities of positively charged
on the glass plate. As very small soot soot particles C+, total number densi-
particles are not collected with 100% ty C., total soot volume fraction ts
efficiency on the glass this curve must be and average particle diameters D in
extrapolated to a height of 13 to 14 mm flame No. 6.
where soot formation begins according to
optical measurements. From the 1s and Cs-curves the growth of the average mass of the soot
particles can be calculated. It starts from 5.103 u (17 mm) over 17-10' u (20 mm) ,
145"10' u (30 mm) to about 500-103 u at 40 mm above the burner. For the lower heights this
result is confirmed through a mass determination with the electrostatic mass filter. A
smoothed curve for the diameters corresponding to these average masses of spherical par-
ticles is also shown in Fig. 9. This result is in line with earlier optical and electron
microscopic measurements on low pressure CzH 2-02-flames [10,11,18).

When the cold gas velocity of the flame is lowered keeping the C/O ratio constant there
is a strong increase in the amount of soot formed while the flame temperature decreases.
It has been shown in a previous work that there is an increase by a factor of 5 in the
maximum number density of positively charged particles when the cold gas velocity is lowered
from 50 to 30 cm s-1 [9]. Since the volume fraction of the positively charged soot decreases
in the flames with lower flow velocity and temperature this means that the larger amount
of soot is largely due to an increased number density of primary soot particles.

In a benzene-oxygen flame that forms the same amount of soot in the burned gas the situa-
tion is different. Since at a height of e.g. 40 mm above the burner <m> is very much
smaller than <m,> and P+/Qs is too small to be measured the profile of C. cannot be deter- I
mined from that of C+. However, the maximum C+ at a height of 15 mm is about two times
larger than that in the corresponding C2H2-O2-flame [5,7]. In this zone of the benzene
flame <m> cannot be so much larger than <m>, as it is at larger heights. That 0+/0 is
not measurable means that it is smaller at least by a factor of five than that at the be-
ginning of soot formation in C2H2-flames. Taking together these results leads to the con-
clusion that the number density of primary soot particles in the benzene flame
is larger at least by a factor of ten than in the acetylene flame that forms the same amount
of soot. This is in line with the much higher concentration of large cyclic hydrocarbons
in benzene flames [17,19]. Thus,a larger amount of the finally formed soot is already
present in the primary particles and less is formed through surface reactions from the gas
phase hydrocarbons.

Ionization of Particles and its Role in the Mechanism of Soot Formation

It has been argued that molecular or radical hydrocarbon ions are the nuclei for soot
particles [3,41. The profile of the total number density and that of the positively charged
soot particles in Fig. 9 shows that this cannot be true. In the zone of incipient soot for-
mation the number density of neutral soot particles byfar outweighs that of the charged
ones. In fact, the production of charged particles starts when the surface growth and the
coagulation of the neutrals has already begun. Its maximum rate is reached when the par-
ticles have grown to an average mass of about 6.101 u in acetylene flames and between
5.10 2 and 1.5.10 in benzene flames. The mass distributions also show that this ionization
can be traced back into the oxidation zone. Soot ions are directly formed from neutral pri-

mary soot particles and do not come from small molecular ions such as CjH+ by addition of
unsaturated hydrocarbons as it has been postulated [41.

The mechanism of charging is still an unsolved question. The shape of the C+-profile
in CiH-flames above a height of 20 mm when compared to that of the Cs-profile,suggests
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that there is equilibrium ionization. In fact, this part of the C+-profile can well be
simulated by use of the Saha equation, assuming a work function for soot of 5 eV and an
estimated free electron number density that is about 1/10 of C. 15] . If this is really
a state of equilibrated ionization that is maintained while the particles grow and coagu-
late,it can only be reached and maintained fast enough from a state of non-equilibrium
over-ionization by recombination with negative charge carriers. A purely thermal ioniza-
tion process from neutral particles by collisions is by far too slow [201. This explains
the absence of charged soot particles in the even hotter benzene flame. The equilibrium
calculations on C 2H.-flames, however, cannot explain the rate of formation and the high
number density of soot ions below a height of 20 mm in the flame. Therefore, the question
remains how these soot ions and the ones with still smaller mass in benzene flames are
formed and why the charge is no longer found on larger soot particles in benzene flames.

The charging takes place in a flame zone where there is a rapid growth of the primary
soot particles through reactions with gas phase species. Moreover, this flame zone is
directly behind the oxidation zone in the case of C2H 2 flames and even partly overlaps
with it in benzene flames. In C2H2 -flames this zone is somewhat thicker including par-
ticles up to more than 2.104 mass units whereas in benzene flames it is quite narrow pro-
ducing a greater number density of primary soot particles that are smaller on thc average.
Here they reach masses of several hundred to a few thousand mass units before a more ef-
fective growth through coagulation is the dominant process. The thickness of the zone of
strong ionization corresponds to this flame zone in both flames. It is close enough to
the main reaction zone so that there are still relatively high concentrations of free
hydrocarbon radicals. There also is a rapid decrease of the concentrations of polyacety-
lenes in the acetylene flame and an even stronger decrease of polyacetylenes and many poly-
cyclic hydrocarbons in the benzene flame. Since the reactions of these gas phase species
with the primary soot particles and their predecessors are highly exothermic, it must be
assumed that the primary soot particles have a higher temperature than the surrounding gas
phase. Estimations of the energy balance of small soot particles show that their main
energy loss is through radiation. However, since these small particles have an emission
coefficient that is much smaller than that of a black body (101, they can easily reach
temperatures a few hundred degrees in excess of the surrounding gas temperature if it is
assumed that polyacetylenes and large free radicals are the reactants. It is not possible
to make more exact energy balance calculations since it is not yet known which gas phase
species mainly contribute to the mass growth of the primary soot particles and what the
individual reaction rates and their energies of activation are. In benzene flames this
process takes place with very small soot particles that still have a higher ionization
potential than the larger ones formed later. Accordingly, there is a rapid decrease, after
a steep maximum in the concentration of these small soot ionsthrough recombination of po-
sitive and negative charge carriers when the process of growth through gas phase species
slows down. This rapid decrease in ionization has been measured (5,7] and takes place where
the concentration of some gas phase species has fallen to very low values [17]. Since the
ext phase of particle growth is dominated by coagulation which also causes recombination

of charges, no large charged soot particles can be formed. The addition of the remaining
very small soot ions to larger soot particles is a very slow process because of the low
number densities of both kinds of species.IIn acetylene flames the process of surface growth is not completed when the soot par-
ticles have reached some thousand mass units. Since the number density of primary soot
particles is not as high as in benzene flames the gas phase is not swept empty of those I
hydrocarbons and radicals in such a short time as in benzene flames. Thus, the process of
surface growth and therefore ionization continues to larger mass particles and
the charged particlesthemselves can also grow larger by surface reactions. Since the ioni-

* zation potential of these larger particles is lower, growth of particles can take up with
charge recombination. This is the reason why large charged particles of about the same
mass as neutral are found in acetylene flames but not in benzene flames. The formation of
negatively charged particles is difficult to discuss without knowing the profile of free
electron concentration in the flame. In the region of primary soot particle ionization
negative ions are smaller than positive soot ions. They are probably formed through the
addition of free electrons to the neutral gas phase species. However, a simultaneous for-
mation of a positive soot ion and a smaller negative ion may also be possible. The pres-
ence of large negatively charged soot particles in acetylene flames was revealed by the
glass plate method. From previous measurements with the electrostatic mass filter alone
it was concluded that negative soot ions do not grow. This could only be confirmed for
benzene flames but they grow in almost the same way as positive soot ions in acetylene
flames.
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SUMMARY

-The main pollutants formed in thermal systems are soot, cenospheres, polyaromatic

hydrocarbons and cyclic molecules including heteroelements such as oxygen and nitrogen.

PAH are produced through reactions between aromatic and unsaturated aliphatic structures.

PAH are intermediate species in soot formation. Some PAH, however, remain in flames and

can be adsorbed on soot particles. In flames, hydroxyl radicals are responsible for soot

post-combustion. Some practical results on soot production in turbines are reviewed. -

Burning hydrocarbons give off organic particles consisting of complex mixtures. They
can be described as solid particles, on which polyaromatic molecules (hydrocarbons and
molecules containing heteroelements) are adsorbed. These particles may be classified under
2 heads :
- the cenospheres : particles of a few tens of um, mostly hollow and resulting from pro-
cesses of liquid phase carbonization.
- soot, occuring as spherule aggregates of a few tens of wm, resulting from gas phase car-
bonization. The present lecture is only concerned with soot.

In a flame soot results from extremely rapid processes, typically in the 5-10 ms
range. Its appearance is always preceded by the formation of polyaromatic hydrocarbons.
In a first part, it will put forth arguments supporting the view that polyaromatic hydro-
carbons are precursors of soot, and not polyacetylene.

Although no direct experimental evidence for this role of PAH in flames was ever
found, many observations bear out this statement in all systems investigated, in order of
increasing complexity
- thermal systems
- laminar premixed flames
- diffusion flames.

In all these systems a PAH peak precedes soot formation. Let us review a few exam-

ples.

I. The role of polyaromatic hydrocarbons in soot formation
Pyrolysis in the absence of_ xygnI

Soot particles can be formed by inert atmosphere pyrolysis of hydrocarbons, a process
used in the manufacture of certain carbon blacks (thermal blacks). It, probably, also
takes place inside diffusion flames, where the quantity of oxygen-containing compounds is
very low. Figure I shows the results in the case of benzene (1)

In this system, we were able to make an accurate balance, and to prove clearly that
tars (PAR5 for the most part), or at least most of them, are soot formation intermediates.

- Premixed flames

In the case of toluene flame (2), the intermediates were taken with a quartz micro-
probe ; a very prominent peak, corresponding to products which were extracted with methy-
lene-chloride, appears at about 2 mm above the burner (Figure 2).

The concentration peak coincides with the appearance of a yellow brilliance, pointing
to soot formation. It should be observed that, later on, the PAH concentration increases
slightly with the height above the burner.

Similar peaks have been reported by others (3,4) for aliphatic and aromatic flames.

It is worthy of note, however, that in the case of aliphatic hydrocarbons the maxi-
mum is less pronounced than for aromatic hydrocarbons. In some cases no peak has been
recorded (5).

- Laminar diffusion flames

Another example, demonstrating the fastness of the process and the role of PAH'S is
provided by diffusion flames. In this case, because of the small size of the flame front,
the characterization requires the use of optical methods, such as : laser diffusion (soot)
and laser fluorescence (PAHs). h

It is, thus, possible to determine accurately the areas where theme compounds are for-
med and destroyed. PAH are formed very rapidly, in an area where the temperature is onlyj around 500C.

K _____
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The PAM decrease is accompanied by soot formation. Similar results were reported
by d'A]essio~et al. ( 7)

It is worth mentioning turbulent diffusion flames, for which quite similar results

Clearly, in all these examples PAH formation takes place before soot formation,
and the local PAM concentration is in pfocess of decrease when soot formation begins.

If PAj are the intermediates of soot, one can understand soot formation and set up
a model for its kinetics only if one understands the formation of PAM . Accordingly, it
is worth while to sum up our knowledge of PAs formation, as it will fermit to draw
certain inferences on soot formation.

II. The muchanism of polyaromatic hydrocarbons formation
We have mentioned that PAM are formed in flames within a few is. Various mechanisms

have been suggested in the litefature, notably
- the cyclization of polyacetylenes.
- the direct addition of cycles in the case of aromatic hydrocarbons.
- the possible role of ions.

The state of the art will be given, the main attention being focussed on recent work
by J.D. Bittner and J.B Howard (9).

I1) The case ofeolxaromatic hydrocarbons

Data recorded by Bittner provide a clearer insight into the role of aromatic rings
when soot formation takes place. The purpose of the study was to clear up the mechanism
of disruption of aromatic rings, and also to investigate the role of these rings on soot
and PAH formation in a premixed flame at low-pressure. The flame investigated was a
benzene~oxygen-argon flame ; fuel equivalence ratio : 1.8 ; pressure 20 torr.

The primary products of aromatic ring disruption are C H6 0 and CH 6 . The following
mechanism, which, basically involves an attack of benzene b oygen 6 atoms, agrees
with the experimental data :

(H 2C66 + 0 C66 56 + H CH

6 6 6 6 5 6 + OH 5(CO) OH (H20)



Disruption of the aromatic ring has far-reaching implications, as it provides a
means for reducing soot formation when burning aromatic fuel. Indeed, it was observed
that the aromatic ring itself, and not its break-down products, accounts for the strong
tendency of aromatic fuels to produce soot.

In figure 4 the relative concentration of species with a molecular weight higher
than 700 amu are plotted for 2 fuel equivalence ratios 1.8 and 2.0.

2.0

10-2 -
t >700

1.8
1>200

10-3

0 1.8

10- / '~1>700

_ BLUE ORANGE H,A,B, (mn)-

0 5 10 15 20 25 30
Fig. ' Relative intensities of signals vs. height above burner (3) species larger than

mass 200, I>200; and (a) species larger than mass 700, I.... , in near sooting
(0 = 1.8) b nzene (13.5 m%) - oxygen (56.5 m%) - argon (3 .0 %) flame.
(o) benzene (14.7 m%) - oxygen (55.3 m%) - argon (30.0 m%) flame.
Pressure = 2.67 kPa (20 torr), cold gas velocity = 0.5 zVs for both 0 = 2.0 flames.
Shaded region at 13 mm designates blue-orange boundary in sooting (0 = 2.0) flames.
(Ref. 9)

The orange brilliance, which is characteristic of soots, appears for 0 = 1.9 under
these conditions. It was observed that the number of molecules with a high molecular
weight increases rapidly and decreases as rapidly when soot is formed (,, 13 mm). The
maximum is 100 times larger than for a flame with no soot formation.

All the results recorded by J.D. Bittner and J.B. Howard ( 9) show that the role of the
aromatic ring is to provide a structure making the stabilization of non-aromatic addition
products more rapid than the reverse decomposition to the starting reagents.

Mass addition to the system is probably due, for the most part, to non-aromatic
species, such as acetylene or vinyl acetylene (polyacetylenes are incapable of cyclizing
without preliminary hydrogenation).

Of course, flame reactions are controlled by a chemistry of free radicals and soot
has, furthermore, a radical character directly after being formed. It follows, therefrom,
that radical mechanisms have frequently been suggested for soot and PAH formation.s

Three conditions are required if a radical mechanism is to explain the rapid growth
of the species :
- the product resulting from the addition reaction should be rapidly stabilized, to
prevent the reverse decomposition.
- the radical character should either be retained or rapidly regenerated.
- the reactions should involve species at comparatively high concentrations.

Thermodynamic and kinetic facts, together with the previous criteria, make it pos-
sible to suggest a consistent mechanism (Table I and Table II).

The process starts with vinylacetylene addition to the phenyl radical, which yields
naphtalene. The added vinylacetylene can cyclize through a sequence of very rapid uni-
molecular reactions.

The cis-trans isomerization is the slow step of this sequence. Subsequent reactions
may include the formation of a benzyl-type radical by substitution of a methyl radical at
the x position of the naphtalene and abstraction of one hydrogen. C H addition to this
radical leads to cyclization through a reaction of internal substittlon. The process

-~.~ ___... .. _.._............_.____""__'. " : T"



proceeds further by substitution of a methyl, loss of hydrogen, C H2 addition and unirc-
lecular loss of hydrogen, thus yielding pyrene. As both the reactivity during the subs-
titution by a methyl, and the number of possible reactive sites increase with the size
of the molecule, one arrives at an autocatalytic prD:ess leading to soot formation. (9)

In this mechanism, the growth kinetics depends on the concentrations of CH, C2 H
If and OH. This accounts for the marked tendency of alkylated aromatics to soot @ormation.
For example :
- toluene produces soot at a lower fuel equivalence ratio than benzene in a premixed
flame. (19)
- toluene produces soot at a lower flow-rate than benzene in a laminar diffusion flarneQl,12)
- during acetylene pyrolysis, the efficiencies of the following molecules in soot forma-
tion increase in the sequence :
Benzene < naphtalene < toluene e -methyl-naphtalene < anthracene <- methylanthracene.(13
- the limits of soot emission in a perfectly stirred combustor are as follows
toluene (1.39) > xylenes (1.3) > --methylnaphtalene (1.21).(14)

2) The case of alidha tich drarbons

If one compares the structures of a benzene flame (0 1.8, limit of soot formation)
and an acetylene flame (0 = 3.0, soot formation), it is apparent that (Figure 5) in
both flames, PAH with comparative low masses (C H for benzene, C _H 1 for acety-
lene) exhibit a aximum in the presence of benzeAe,

1 
ear the maximum f1 C 4H4 and

before the maximum of higher masses.

1 8 Benzene Flame 0 3 0 Acetylene Flame
o.5 ~ ~ ~ ~ ~ ----- -A - -- .. e
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C4H4- 1003

0 . c! IM. -44 10 00

0.3M 700 t; 0,15 -C6H6
0 -2 1103 C14H8,

-8 0. - 0.10"
C14HIO

011- 00

2 4 6 8 10 12 14 16 4 6 8 10 12 14 16

Distance from Burner (mm) Distance from Burner (mm)
Fig. 5 - Mole fractions of several species and high mass signals (I , scale arbitrary)

vs. distance from the burner in (A) a near-sooting (0 = l.W3"enzene (13.5 mol%)
oxygen (56.5 mol%) - argon (30.0 mol%) flame and (B) a sooting (0 = 3.0) acety-
lene (52.9 mol%) - oxygen (44.1 mol%) - argon (3.0 mol%) flame. Pressure =
2.67 kPa (20 torr), cold gas velocity = 0.5 m/s for both flames (Ref. 9)

This fact suggests that the mechanisms occuring in aliphatic flames bear a close
relationship to those in aromatic flames.

The preceding mechanisms provide information on the first stages of the mechanism
of soot formation, which produce comparatively large amounts of bulky PAH molecules. The
transition from these molecules to spherical soot particles and then to aggregates, can
be explained by thermodynamical reasonings of collisions between these species.

III. Physical mechanisms of soot growth (15)

Taken as a whole, we are in the presence of a carbonaceous "aerosol" placed in a hot
and reactive surrounding. We will characterize this aerosol by the number of particles N,
their diameter d and their volume fraction f . On the assumption that the particles are
spherical, f = /6 N d' vv

Two stages of aerosol formation are taken into account
- the appearance of the first small particles (nucleation)
- their subsequent growth, which is the result of two separate processes

the coagulation
the surface growth.

The growth of the particles can, therefore, be described as follows

d Ln N = - d Ln f --! d Ln N
3 v 3

The nucleation-growth transition does not take place abruptly and, even, is not
easily defined. In actual practice, however, it is apparent that the formation of new

particles takes place in a restricted region, close to the reaction zone, where the tem-
perature and ionic and radical concentrations are highest.



In other words, the nucleation and growth zones are spatially separate.
Ma18 -3 N 121 -3

Many particles are formed when nucleation takes place (N- 10 m
- , 

N = 10 m
sec ), but they are very small ( 1.5 nm) and make only a very minor contribution to
the total amount of soot formed (7 f = 10-9). In most cases this f is nealigible in
comparison with the mass formed, andVsurface growth determined for Yhe most part the
amount of soot formed.

From a phenomenologicai view-point, the process can be summarized as follows

N f
V

source nucleation surface growth
sink coagulation oxidation

Let us take a quantitative survey of these processes.

1) The coaUulation

The time-dependence of the number of particles, N, is expressed by the classical
coagulation theory : =

dt w c

Nw : nucleation kinetics N c : coagulation kinetics.

Very rapidly, the process is controlled only by N and -dN - K (D) N
c dt

For neutral particles : dN 6 k f/6 N1/6

dt 5 th v

where :k =5 (3)1/6 (6 KT) 1/2 G.,th 12 47

f : particulate volume fraction
V density of the particles
G a factor which takes into account the inter-particle dispersion forces (can be

expected to have a value of about 2 for spherical particles).
a function of the particle size distribution.

Upon integration at constant volume fraction and temperature

N = NO [1 + 9.03 x 10 - 13 No5/6 T1/2 fv1/6 t"-6/5

where N the initial particle number density
No the particle number density at time t

for large enough values of No (>10 8/m 
3
) the equation can be reduced to

N = 2.84 x 1014 [T
1/ 2 

fv 1/6 t7-6/5

In these computations, the aggregate is treated as a sphere of equal volume.

This relation predicts that N is independent of N and weakly dependent on T and f
This has been verified on premixed flames by different investigators, burning different

v

fuels : methane, ethylene, benzene ... (5, 16, 17)

These results will be merely illustrate by a single system : a propane-oxygen premi-
xed flame, burning at atmospheric pressure.(18)

The quantities measured include the soot volume fraction, the size and the number of
aggregates and spherules. These quantities were measured by laser scattering and electron
microscopy.

These curves are representative of practically all the systems investigated
N, the number of agglomerates, reaches a maximum at the very beginning of the process,
while fv is comparatively low. The number of spherules is little affected.

A comparison of the results with the theoretical predictions is provided by the
figure 7.

A good agreement is obtained, except at the end of the process, probably because
the sticking coefficient for the collisions is smaller than one and/or the aggregates
become too large and asymetrical.

As predicted by the theory, N is significantly affected neither by the fuel
-A equivalence ratio nor by the temperature.

It should be clearly understood that these parameters affect the amount of soot
formed, fv and, therefore, the size of the aggregates.

In a premixed flame :
- f and D increase with increasing t
- fv and D decrease with increasing temperature.

v

The problem which claims the attention of the practical man is the amount of soot
given off by an actual combustor. We have just mentioned that this amount is controlled
by the surface growth of the particles and, therefore, it is most important to under-
stand this growth and find its equation.
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2) Surface growth of the particles

This phenomenon is, at present, not adequately understood. The nature of the species
responsible for carbon deposition on prime soot particles remains a much debated ques-
tion : polyacetylenes, PAHs, acetylene, meth.re ... ?

A valuable review of the present state of knowledge has been provided by Wagner in
in a recent paper (19).
The quantities of soot formed in a welltuned combustor (diesel engine, burner ... )

are of the order of 10-7 g of soot/cm
3
, contained in about 10

9 
particles. The reaction

times are of the order of 10 ms.

Hence, a surface growth rate of 10
- 5 

g s
- 

cm
-3 

or 10
-6 

mole cm
- 3 

s
-
1. Tesner,

Howard and others determined the kinetics of soot growth on surfaces and proposed kinetic
relations, for example :

7.86 x 102 exp -65/RT g cm
- 2 

s
-
1 bar

- I 
for Cii (970-1280 K)

2 -2 -1 -1 4
3.3 x 10 exp -55/RT g cm s bar for C6H 6 (1000-1250 K)

It should be observed that th, times are smaller than those recorded with flames.

The great bulk of the data w.ere m, _, ured on flat flames by optical methods. Wagner
correlated these data by plottin" df

Ut J f (fv)

dt

!V ] 7 s-1

100-

1 • •

" A

N a A

\0 0

Fig. 8 - Values of dfv/dt over fv for different flames (Ref. 19)
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2 C6H6-air C/O 
= 

0.71 Haynes 0 C6 H6 -air C/O = 0.74 Baumgartner
o C H-air C/O = 0.71 Haynes CT = 475 K. C66ar CO =0.73 Haynes

6 6-air d/O=O.75Haynes 1) V C H -air C/O = 0.76 Baumgartner

0 C3 H8 -0 2  C/O = 0.63 Prado 1) axis reduced 10 times

A C3H8 - 2
) 

C/O = 0.71 Prado 2) axis reduced 100 times

One obtains linear relations of the form
df df
d f v = K f 

= 
(-- v)dt maximum value function

K apparent rate constant
df A 100 s

-

dt- ( [ v -

An extrapolation towards zero values of df/dt gives f

The value of K is little affected by additives. Only naphtalene-air flames seem to
have a larger K, of the order of 150 s

1 .

In the same way, K is little affected by T (slight increase). In other words, the



knowledge of fM makes it possible to set up a model of the surface growth, as a first
approximation.

AIl the research work we thus surveyed leads to a satisfactory, though approximate
description of soot formation. It should be noted, however, that part of the soot produ-
ced undergoes post-oxidation and, therefore, it is important to get an insight into the
mechanisms of this oxidation.

V. Oxidation of carbon black particles

The oxidation or post-oxidation of soot (20) in flames has only been dealt with in
a restricted number of rigorous investigations.

Let us go back, first, to fundamental features of the crystalline structure of soot,
in keeping with their reactivity. The structure of soot is closely related to that of
graphite. The latter consists of parallel planes. To a first approximation, there are two
types of carbon atoms the basal and the outerboundary atoms.

C

Fig. 9 - Crystalline structure of graphite.

In soots, the graphitic structure has become degenerate their stackings are dis-
ordered by random rotation in their planes. The planes are of small size, and there are
many imperfections so that, in comparison with the case of graphite the outer boundary
atoms are numerous with respect to the atoms of the basal planes. It is generally accepted
that, precluding reagents becoming intercalated between the graphitic layers, the higher
the ratio boundary atoms the easier a carbonaceous material is oxided. Thus, Lainebasal plane atoms'

et al. (21 ) showed that at 300C, in 0.5 torr oxygen, the oxidation of boundary atoms is
2000 times higher than for basal plane atoms.

This kinetic information, together with the phenomenon of imperfection annealing
under the influence of the temperature, and resulting in the transformation of boundary
atoms into basal plane atoms, make it possible to explain the following curve, which was
proposed more that 20 years ago.

6 Oxidation Rate (arbitrary unit)

4

~2

1200 1400 1600 1800 2000 T 'K

Fig. 10 - Reaction rate R (arbitrary unit) of C+O 2 as function of temperature (two curves
corresponding to different pressures of filaments) (Pef. 22)

At low oxygen pressure, the oxidation rate of a non graphitized carbon filament
passes through a maximum : a competition takes place between the increase in oxidation rate
of the carbon sites and the growth of the number of boundary atoms, due to the healing
process. The maximum oxidation rate is situated arour 1400 K ; of course, it depends on
the type of material.

A last general remark is that the differenc in reactivity of the carbon atoms may
give rise to a phenomenon of holl wing out of the carbon materials during the oxidation.4 11



Let us consider two important cases of carbon oxidation

1) oxidation by oxygen (in the absence of flame) of carbonaceous material.
2) soot oxidation in a methane/oxygen flame.

1) Oxidation of carbonaceous material

Nagle and Strickland-Constable (23) investigated the oxidation of artificial carbon,
graphite and pyrographite by oxygen at a pressure of about 20 kPa.Above 2000 K, the
oxidation rate becomes reasonably constant.

The investigators explained their results by assuming the existence of two reaction
sites A and B, giving rise to the following reactions

A + 02 *A + 2 CO

B + 02 - B + 2 CO

A -B

Taking into account the data obtained later on by Laine et al, and which we mentio-
ned in the foregoing, it would seem that A corresponds to the boundary atoms and B to
those of the basal planes. The quantitative kinetic explanation of Nagle would fit with
our qualitative explanation of research work done by Boulangier, Duval and Letort.

The investigation by Nagle and Strickland-Constable, which is an outstanding one
because of its methodology and its conclusions, seems to have impeded for nearly 10 years
the development of factual research-work on the carbon oxidation in flames.

2) Soot oxidation in flames

Nagle et al. have been so prominent in their day that almost all research work dea-
ling with oxidation in flames was conducted and processed with the a priori conception
that the oxygen molecule was the main oxidizing agent. Studying the burning of soot ob-
tained by partial combustion of a C H , 0 and Ar mixture, Fenimore and Jones (24) found
out in 1967 that the rate of soot oiiatign is little dependent on the concentration of
molecular oxygen. It seems that they were first to consider the OH radical as the main
oxidizing agent of soot in flames.

It is not until 1980 that significant headway was made, with the remarkable results
achieved by Neoh, Howard and Sarofim (25,26), who demonstrated the role played by OH
radicals. In this investigation, the soot was produced by burning a methane-oxygen mix-
ture with a fuel equivalence ratio of 2.1. After partial cooling, the soot was transfer-
red to a second chamber in the presence of oxygen and gases from the primary combustion.
The gaseous non-radical constituents were sampled and subjected to chromatographic analy-
sis ; the concentrations of hydrogen radicals were measured by the LI/LiOH method. The
concentrations of OH and 0 radicals were computed by using the H, H2 0 and H2 equilibra in
rich flames and the H, H20 and 02 equilibra in poor flames.

The rate of soot combustion was followed by measuring the particle size and number
by means of an optical method, similar to that which we used to investigate the mechanism
of soot formation.

Basically, the method used to determine the nature of the main oxidizing agent is
very simple. For each species the coefficient of collision yi was computed from the values
of the combustion rates, using the probability of removing a carbon atom by collision
between a soot particle and an oxidizing species.

For a species to be favored, the variations of the efficiency coefficient in the
flames must be unimportant (except in regions with a strong thermal gradient), and the
values recorded reasonable, so that species with yi values higher than 1 are precluded.

Among the many curves recorded by Neoh et al, we selected those corresponding to
the 0 and OH species (Figure 11). yO varies of two orders of magnitude and, in theexperimental conditions, 0 was not fivored as an oxidizing agent of soots. yOH

(Figure 12), exhibits a coparatively constant value, between 0.1 and 0.3.

It is apparent from the data shown in the figures 11 and 12, that the OH radical
is the main oxidizing agent of carbon in flames. However, when the conditions are such
that the OH concentration is very low in comparison with that of molecular oxygen, the
latter species may become an important oxidizing agent.

It should be noted, that the preceding results do not provide any information
on the effect of the crystalline structure and the porous structure of the carbonaceous
material on its oxidation rate and its properties as a final material on partial
oxidation.

For commercial carbon blacks prepared according to a flame method (furnace type
blacks), the coherence distance of X rays in the direction gf the crystallographic axis
parallel to the graphite planes, is (27) between 12 and 20 A. A rough calculation shows
that the ratio of the number of boundary atoms over the number of basalplane atoms is
comprised between 0.33 and 0.20.

Since the value of y and the relative proportion of boundary atoms are very compa-
rable, it may be asked wh2 her, for a given soot, the value of y is not related to the
crystal structure of the solid, which would be in keeping with dRa obtained at lower
temperature.

To sum up, it seems well established that the OH radical is the main oxidizing agent
of soots in flames. The oxidation mechanisms and the influence of the properties of thecarbonaceous solid on the combustion kinetics have still not been elaborated.

A '



Collision Efficiency, )0

2
0

W, 0

01 0 0bR A

AAA VV A

,a&*VV VVV

000 00

0-

kX

X~Xxxw

+,,

+

+4 Height Above Burner (m)
i 2  1 1 1 1 I L I

2.0 4.0 6.0
Fig. 11 - Collision efficiency y 2 versus height above burner h for different tuel

equivalence ratios : +8.85, xO.95, ol.05, 1.10, ol.15,a 1.15 (+ CH4) ,
v 1.15 (+ CHA + CO,) (Ref.26)

1 _ Collision Efficiency, YOH

AN%0 0 0 0 0

V I V V VA '

*VA 17 03 i+ +
++++ O 0 0 A A

0-  Height Above Burner (Mm)I I I I

2.0 4.0 6,0
Fig. 12 - Collision efficiency 'y versus height above burner h for different fuelequivalence ratios :+8.85, x0.95, 01.05, el.1O, oi.15, &1.15 (+ CH 4) ,

v 1.15 (+ CH4 + CO2 ) (Ref. 26)

V. Soot in §as turbine combustor

A best understanding of soot formation in gas turbine combustors is becoming increa-
singly important for civil and military utilizations.

A side from the environmental impact, and possible identification of military air-
craft, a great problem about soot in gas turbine engines is the effect it has on combustor
performances and liner durability.

1) Generalities

In a gas turbine combustor (28), a spray of fuel burns in the air with a turbulent
diffusion flame. Experimental results (29) suggest that fuel droplets, Sauter mean diameter
of which ranged between 40-120 lim, have little effect on the combustion efficiency ; in
the present brief survey, the diameter of the droplets will not be considered as an impor-
tant parameter of the system during soot formation. In a gas turbine, as the combustion
gas leaves the primary zone, the secondary air cools down the combustion gases to thp
required turbine inlet temperature. In the early stages of combustion the major species
are carbon monoxide, hydrogen and water. Soot forms as a nonequilibrium product. The
complete burning of soot requires a high degree of homogeneity of mixing with oxygen, and
a temperature above 1300 K to give rapid reaction. In the intermediate and dilution zones
the temperature will generally range from 2000 K to 1000 K. At a combustion temperature
within this range, the residence time in the combustor is sufficient to consume carbon
particles in the flame (29). Thus, a large proportion of carbon produced in the primary
zone will be removed in the secondary and even in the dilution zone.

____________________ i



2) Paramters affectin- soot formation

Five main parameters are usually mentioned in the literature ; namely fuel equi-
valence ratio, pressure, temperature, turbulence and fuel type.

It is quite difficult, however, to precise the influence of a given parameter be-
cause it cannot be modified independently. The following observations have been made by
Najjar et al (28).
- Eiuivalence ratio (O)

With rich mixtures there are considerable differences amona the various fuels with
respect to the critical temperature at which the rate of the cracking reaction exceeds
that if oxidation. This temperature is considerably lower for heavy fuels than for
lighter ones. Poor mixing and excessive fuel-rich pockets within the primary zone of the
combustor result in soot formation. Hence, it is the local equivalence ratio due to the
heterogeneous combustion rather than the average equivalence ratio that is the signifi-
cant factor in the soot formation process.

- Pressure

The increase in soot formation with pressure results from several effects
• the penetration distance is inversely proportional to the cube root of the gas
pressure.

• the extension of the rich limit of flammability, with combustion possibility at very
rich equivalence ratios.
the increase of the fuel evapora+iAn temperature, the pressure effect on the rate of
cracking being proportional to p-. whereas on the rate of vaporization to p-0.2-0.6.
at high pressure the combustion process is normally more rapid, thus the time allowed
for the fuel to seek air for combustion is reduced.
the reduction of the spray angle with an increase of the diameter of the droplets.
However, higher gas pressures are associated with higher injection pressures which
reduce the Sauter mean diameter.

The flame is determined mainly by the inlet temperature, the equivalence ratio and
the combustion efficiency. Figure 13(31) shows the relation between the flame tempera-
ture (soot temperature measured by the Kurlbaum technique) and the relative soot con-
centration (measured by flame opacity technique), in the primary zone of the combustor.

2.4.
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2100 2140 2180 2220 2260 2300Fig. 13 - The effect Of flame temperature on soot concentration (Ref. 31)
! F/A :0.0096 (o) , 0.0108 (0) , 0.0136 (A).

~Clearly, the soot concentration increases with both flame temperature and fuel/air ratio.
The same authors verify the influence of burner inlet temperature on flame temperature.
- Turbulence

Becker (32) demonstrated that the soot concentration field is mixing controlled, and
no pronounced effect of Reynolds number on soot formation in the turbulent flames could~be observed. However, soot increases with a change from a turbulent to a laminar condi-

~tion.

~The formation of soot is influenced by the following effects of fuel properties:
viscosity on atomization volatility, on evaporation ; and thermal stability on the ten-
dency to crack.

Chemically, the fuel soot-forming propensity increases with aromatic content, carbon/
hydrogen ratio and the free energy of formation which is correlated to the structure of fuel.

Future fuel may content less hydrogen, more polycyclic aromatics, nitrogen (33)
and sulphur and have a higher final boiling point. These evolutions will increase soot
formation. I

>I '4
M .
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Correlation parameter.
For a given type of turbine, there is a correlation parameter between the H/C cc,'npo-

sition of fuel and the radiation of the reacting mixture.

As an example, Naegeli (31) shows correlation of flame radiation with H/C ratio for
different fuels derived from oil shale, coal, tar sands, emulsions containing both water
and alcohols, and solutions of alcohols and jet fuel (Figure 14).

250

A

200

0

150 -

100

50

A b I ,H/C atom ratio

1 1.5 2 2.5 3 3.5 4

Fig. 14 -Effect of hydrogen to carbon ratio on flame radiation (Ref. 31)
Fuel identification :
e Jet fuel/aromatic blends x Jp-5 (Tar sands) o Petroleum emulsions
+ JP-5 (Shale oil) 0 JP-5DFM/Gasoline Blends a Syncrude emulsions
m JP-5 (Coal) v ip-5 + Decaline A Aromatics/Methanol blends

v Methanol

This correlation, e.g. radiation vs H/C ratio, is generally assumed to be a linear
function of the H/C ratio if the range of fuel hydrogen contents is not too large (34).

The slope (figure 15) dR/d(H/C) of the line is usually defined as the sensitivity to

i hydrogen content. However, it is often more useful to compare the relative, or percen-
~tage, change in radiation with the H/C ratio by using a normalized sensitivity given by

(ii ) (slope of the line Ln(R) versus (H/C) ratio).

~This factor, which is analogous to Jackson and Blazowski's normalized liner tempe-
rature parameter, can be used to compare the relative sensitivities of different engines

~or the same engine at different operating conditions.

15
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Fig. 15 - Correlations of flame radiation with H/C ratio (Ref. 33)

(Different varieties of fuels)
a) T-63 Turbine Combustion b) Phillips Research Combustion

The effects of operating parameters (inlet temperature T, gas density ,, fuel/air
ratio, and gas velocity V) on the plot of sensitivity (S1 ) of the sooting tendencyversus H/C ratio for fuels containing monocyclic aromatics are shown on figure 16a.
The same diagram is plotted figure 16b for fuels containing polycyclic aromatics S3)
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2.0 2.0

T T

1.5 1.5

1.0 F/A 1.0 F/A

0.5 0.5

0 0
TIX) 400 500 600 700 800 900 1000 T(K) 400 500 600 700 800 900 1000

F/A 0 0.005 0.01 0.015 0.02 F/A 0 0.0015 0.01 0.015 0.02
1 L " 4. - I 'V(M/SBC) 0 20 40 60 80 10 0

V(M/SEC) 0 20 40 60 80 100
I __ _ __ _ __ _ __ _ __ _ __ __._ _

-,G Q(;/M
3
) 0 2 4 6 8 1 C(KG/M)0 2 4 6 8 10

Fig. 16 - Effects of operating parameters on the sensitivity of the sooting tendency
to the H/C ratio for fuel containing monocyclic (a) and polycyclic (b)
aromatics.
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The correlatiomshow that the sensitivities of flame radiation to H/C ratio
decrease rapidly with increased burner inlet temperatures, S1 decreases faster than S3 .
The sensitivities increase rapidly with velocity V, S3 increased faster than Sl. The
F/A ratio had a greater effect on S1 than S3 ; changes in burner inlet gas density had
very little effect on the sensitivities.

• The increase in sjot formation caused by polycyclic aromatics was directly propor-
tional to the aromatic carbon in the fuel.

CONCLUSIONS

• Soot formation, in gas turbine combustors are dependent on operating conditions. The
relative importance of soot formation and oxidation steps varies with inlet air tem-
perature, gas velocity and fuel/air ratio.

• The characteristic times for fuel pyrolysis and mixing seem to be comparable. The
pyrolysis reactions are rate controlling in the formation of soot precursors while the
oxidation is limited by the mixing rate. THe importance of the H/C ratio as a parameter
in the oxidation process is linked to the oxidizer character of OM radical on soot
particles as previously seen.

Table I : Radical mechanism of P.A.H. formation

1
A ,A + 6..RXN 298

A _2-56,3 KCALiMOL
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Table II Radical mechanism of P.A.H. formation

H CH 3  
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DISCUSSION

C. .oes, 'S
What were the flame temperatures in the diffusion lame experiments discussed early in the paper' You talked
about small molecules building into aromatic ring structures. In his work Gralam concluded that above I 10 K
aromatic rings broke down into C and C2 radicals before going to soot. These seem contradictory. Perhap, the
mechanisms are dependent on the experiment and hence one must be careful about generalizing theories of soot
forming mechanisms.

.A\uthor's Reply
It is usually considered that soot formation involves 'n species (C, ('2 ... .) ahose c.a. 2300I K. I lie stabilit of
the aromatic ring. however, is dependent upon temperature, residence time and ambient environment so that it is
difficult to indicate with accuracy the temperature where disruption becomes more important than ring formation.
In the diffusion flames we have used. P.A.l. and soot are produced at temperatures below 1 800 K.
We have not indicated that rings are built up from small species. Referring to T.Bittner and J.l.llowkard's sork on
the combustion of benzene. aromatic rings grow by reaction between existing rings and unsaturated hydrocarbon
species resulting from the disruption of a part of the initial aromatic rings.

J.Tilston. UK
The observations of carbon particle charge shown in Paper 19 lead us to think that collision efficiencies in agglo-
meration should be less than 100 percent. For example, collisions between similarly charged particles may
very well not lead to agglomeration. Figure 7 in Paper 20 shows measured and calculated agglomeration rates.
Was 100 percent efficiency assumed in the calculation? If it was and if the statistics from your own charge
measurements were used to modify this efficiency, would the agreement between theory and measUrement be
improved significantly?

Author's Reply
The rate constants in the model for soot particle coagulation, which is based on the collision theory, have to be
modified to include the dependence of charge equal or opposite and polarization in the collisional cross section.
It is well known that the coagulation can be strongly impeded by increasing the degree of soot particle ionization
through seeding the flame with metal salts of low ionization potential. In unseeded flames the effect of ionization
on the total collision frequency factor is not so relevant in the stage of coagulation. A small degree of ionization
could even lead to a larger overall collision frequency due to ion-induced dipole-interaction of the colliding particles.
Moreover, when the number density of soot particles and accordingly the rate of their coagulation is still high the
relative number of charged soot particles is small, [his increases when the particles grow larger. Therefore, it is
more probable that in unseeded flames the later stages of agglomeration into grape- and chain-like clusters is
influenced appreciably by charge than the early stage of coagulation. Whether or not this modification would lead

to a better agreement between the experimental and calculated number densities in Figure 7 of Paper No.20 is
difficult to judge without knowing the number densities of positively and negatively charged particles in that flame.

-9t
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Sumisa ry

-In-flame optical measurements of soot particulates in a turbulent, recirculating (i.e., complex
tlow) model laboratory combustor are described. A nonintrusive optical probe based on large angle, bu

0
,

i- ; intensity ratio scattering was used to yield a point measurement of particulate in the size range
uf u.Cn to 0.3i Ln. The'performance of the optical technique was evaluated, and an exploratory
asseLslient of the spatial distribution of soot was conducted with attention to fuel molecular structure,
fuel loading, and a smoke-suppressant additive (ferrocene). Isooctane and mixtures of isooctane with
various ring and aromatic compounds blended to yield the smoke point of a JP-8 stock were prevaporizec
and introduced through a hollow cone nozzle. -The- addition of ring compounds to the base isooctane

substantially changed the distribution of soot and increased the overall emission by 3OUt. The -
production of soot was substantially reduced by a decrease in fuel loading, and marginally reduced or
not affected by the additive depending on fuel structure. The optical technique is a potentially
powerful tool for providing the experimental evidence necessary to understand the processes of soot

formation and burnout in complex flows typical of gas turbine conbustors. However, scanning electron
micrographs of extracted samples established that the technique is limited to the large particle wing ot

the soot size distribution, and optical and electronic processing can induce biasing and uncertainties
which must be understood and controlled before the potential of the technique can be fulfilled.

Introduction

Fuel flexibility is a viable and realistic approach to assure adequate availability of aviation
fuel through this century. To achieve this position, the relationship of fuel properties and
composition to combustion hardware performance and durability must be identified more precisely. Such
information is necessary if fuel specifications are to be successfully relaxed to a level that both
maintains the required performance of the combustion system (and other subsystems) and permits the
desired latitude in the portion of hydrocarbon resources (petroleum, oil shale, coal, tar sands, etc.)
that can be utilized to produce aviation fuel. These potential changes in fuel processing and fuel
source make future fuel composition effects on gas turbines a primary consideration and concern.

Currently, the specification limit on aromatics for aviation fuel is e maximum of 2U% (Jet A) or
25% (JP4, JPS, JP8) by volume. The limit is set to preclude a series of combustion related problems
associated with the production of soot, examples of which include increased flame iation, deposit of
carbonaceous material, and emission of particulates. The first two examples intlu,.e hardware dur-
ability and performance; the latter results in aesthetic and tactical problems. The aromatic content

is ot special interest because a relaxed specification for aromatics could ease the demand for hydrogen

addition in the refining of low hydrogen resources. An upper limit of 35% aromatics has been
discussed [1].

To accomodate an increased fuel aromaticity, the production of soot from combustors operating on
relaxed-specification fuels must be reduced. The principal approaches being considered are smoke-

suppressant fuel additives and combustor modifications. Smoke-suppressant fuel additives avert the
economic penalties associated with retrofit by providing an alternative for existing gas turbine
engines. Combustion modification is important for the next generation of gas turbine engines which will
eventually replace the current inventory. To implement either of these approaches, an understanding of
the mechanisms responsible for soot formation and burnout in complex (i.e., turbulent and recirculating'

.J flows is required. Toward this end, experimental evidence is needed with respect to the effects that
fuel properties, fuel-additive properties, and combustor operating conditions have on soot formation and
burnout. Of particular interest are the mass emission, size distribution, and composition of the soot

particulate. Extractive probe measurements have been used in the past to derive this set of information
(e.g., [2,3, and 4]) but, in complex flows where backmixing can exacerbate and widely distribute
perturbations introduced by the presence of a physical probe, cution must be exercised in the use of
such methods LSJ. This may include limiting the measurements to the combustor exit-plane, far
downstream of the recirculation zone. Such a limit substantially restricts the information available.
Excluded is the spatial distribution of local soot size and soot number density in the near wake of the
recirculation zone and within the recirculation zone itself. Such measurements must be nonintrusive and
therefore rely on optical techniques. Although optical techniques have been successfully employed to
measure soot in relatively simple flows (flat flame and diffusion flames), a limited application to a
complex flow has only recently been demonstrated [5].

The present Study addressed the application of a nonintrusive, optical probe to a complex flow with
the following objectives:
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a To evaluate tne performance of large angle intensity ratioing for tne
purpose of measuring optically the local soot size and soot number
density in the re-ction zones of a complex flow.

* To conduct an exploratory assessment of the spatial distribution of
soot within a complex flow with attention to the effect of fuel
molecular structure, fuel loading, and the smoke-Suppressant fuel
additive ferrocene on the local soot size and soot number density.

Such information is necessary to establish where the soot is formed and burned out in a flow dominated
by complex aerodynamics. Such insight Could then (1) provide the basis to assess the effect ot fuel
properties, fuel/air distribution, fuel additives, and other operational parameters on the soot
production, and (2) thereby guide nozzle design, combustor design, and fuel property specifications.

Background

A. Soot Formation

Although the evidence has yet to be documented, the formation of soot in gas turbine combustors is
envisioned to occur in locally fuel-rich, high-temperature regions of the primary zone. Detailed
measurements of soot within the combustor will be required to uncover the governing mechanism.
Nevertheless, the global data collected to date (e.g., gross soot emissions, liner temperature) identify
a strong coupling between the soot produced and those parameters that gove,-n mixing, local temperature,
and local species composition; namely, combustor operating pressure, fuel properties, and fuel
injection. The swing of combustor pressure over the range of operating conditions from idle to full
load affects spray penetration, fuel evaporation rate, peak temperature, and reaction rates. Soot
production rates have been found to be directly proportional to pressure [6J, although a plateau at a
critical Reynolds number has been asserted [7]. Elevated pressure is an unavoidable consequence of gas
turbine combustion, however, and thus represents a relatively inflexible parameter. In contrast, fuel
properties and fuel injection represent two parameters over which more control is available.

Fuel Properties. The use of relaxed-specification fuels will impact soot formation in current gas
turbine engines in two main respects. First, physical properties such as viscosity and volatility can
affect the atomization and evaporation of the fuel, impeding the fuel/air mixing process and promoting
the formation of soot. Second, future fuel composition will be relatively high in aromaticity due to
the higher aromatic content of future resources.

Tests in an Allison T-63 engine found the viscosity and distillation end point (a measure of
volatility) to have little effect on the measured smoke and radiation [8]. Uther evaluations support
this, showing little or no sensitivity of soot formation to fuel physical properties LY,1uJ.

In contrast, changes in smoke emission and flame radiation are closely aligned with changes in fuel
composition. The specification on fuel aromatic content has been a means of controlling these
changes. An alternate means of such control is to specify limits on fuel hydrogen content which has
been correlated to the production of soot measured by either liner temperature or flame radiation
L8,11,12,13].

It the chemical composition of the fuel is substantially perturbed, the correlation on fuel
hydrogen may change appreciably. Hence, fuel molecular structure likely plays a principal role in soot
production as well. Extensive studies in a well-stirred reactor, which allows for the study of the
chemical process in the absence of heat and mass transfer limitations, demonstrate that nonaromatic
hydrocarbons are capable of being burned at substantially higher equivalence ratios than aromatics
without forming soot [14,15]. Hydrocarbons tested in one study [i] were grouped into three categories
(Table 1). The first group, composed of aliphatic hydrocarbons, produced large amounts of exhaust
hydrocarbons without sooting. The second group, consisting primarily of single ring aromatics, produced
significant amounts of soot as the fuel/air mixture was increased. Finally, the third group, consisting
only of 1-methylnaphthalene, produced substantially higher quantities of soot at equivalent mixture
ratios. $

Table I Categorization of Hydrocarbons with Similar Sooting
Characteristics in a Well-Stirred Reactor

Group I Group 2 Group 3

-i

Ethylene Toluene 1-Methylnaphthalene
Hexane o-Xylene
Cyclohexane m-Xylene
n-Uctane p-Xylene
Isooctane Cumene
1-Uctane Tetralin
Cyclooctane Dicyclopentadiene
Decalin

Source: Reference 15



Fuel mixtures formed from elements of any two groups sooted in a manner corresponding to the more
aromatic component. Thus, unsaturated ring compounds dominate the soot production. Tests run on a JT9D
combustor appear to support this assertion [16]. A linear trend of increasing smoke number was found
with increasing aromatic content except for a 16.2 volume percent naphthalene blend which produced more
than twice the smoke number expected from the correlation found with the other tuels. Also, combustor
tests using fuels blended to achieve an equivalent hydrogen content with varying molecular structure,
resulted in a range of measured *lame radiation with the naphthalene containing fuels deviating
significantly from any nydrogen correlation [1]. The critical difference appears to be the amount of
dicyclic aromatics in the fuels. It should be noted, however, that the naphthalene present in these
fuels substantially exceed current or proposed jet fuel specification levels.

Fuel Injection. Dual-orifice pressure atomization provides a wide range of stable operating
conditions and, as a result, is commonly used for fuel injection in gas turbine operation. A central
pilot orifice supplies the fuel required at low fuel flow conditions and a surrounding annular main
orifice supplies the remaining fuel required under load. The atomizer, by concentrating the fuel in an
oxygen-deficient core of the primary zone, promotes the formation of soot and relies upon the dilution
zone to oxidize the soot generated. The relatively low sooting propensity of current specification
fuels has resuited in acceptable emission levels under most conditions. The increased soot loadin 9
associated with future fuels, however, may result in unacceptable soot production with this injection
method.

Improvements can be yained by increasing the air flow into the primary zone, but only at the
expense of stability and ignition performance. A piloted airblast atomizer mitigates this problem
[I]. The pilot nozzle supplies the fuel at low fuel flows, and the airblast atomizer supplies the
remaining fuel at load. The airblast atomization process promotes mixing of fuel and air prior to
combustion which significantly reduces the soot formation. Comparative measurements of the atomization
characteristics of airblast and pressure atomizing injectors have shown that airblast injectors are
capable of providing a finer spray (30 percent lower Sauter Mean Diameter) than the spray produced by a
pressure atomizing injector [19]. Combustor liner temperature data from the CF6-SO engine with airblast
fuel injection and a leaner primary combustion zone [20] demonstrated far less sensitivity to fuel
hydrogen content than conventional systems equipped with pressure atomizing fuel nozzles LII].
Atomization has even been found to improve with increasin, chamber pressure, thereby promoting more
rapid fuel vaporation, mixing and combustion [21]. These merits have prompted the installation of
airblast tomizers in a wide range of industrial and aircraft engines in recent years.

B. Optical Measurements

Prior to the introduction of the laser to reacting flows, optical measurements were limited to
photography (e.g., direct, Schlieren, shadowgraph), and temperature measurements of gases (e.g., sodium
D-line) and particles (e.g., two-color pyrometry, Kurlbaum). Now, nonintrusive laser anemometry
measurements are regularly made of local flow velocity, and laser-induced measurements of local
temperature and composition are reported for limited conditions. Laser-based optical measurements of
soot size, on the other hand, are in their infancy and have to date been limited principally to simple
flames.

When a particle is illuminated by an incident laser beam, light is diffracted out of the direction
of the beam. The portion of the light which is diffracted, referred to as scatterad light, is
distributed in all directions. The distribution is a function of the incident wavelength, refractive
index, particle size, scattering angle, and for polarized light, the polarization angle (the angle
between the polarization vector and the scattering plane). by measuring the scattered intensity at an
angle, particle size can be determined from Mie theory if the incident intensity, wavelength, refractive I
index, and the scattering and polarization angles are known.

For absorbing particles such as soot, an alternative optical method is available: extinction.
Extinction is an integrated measurement of scattering and absorption along the trajectory of the
incident beam. While scattering affects the angular distribution of intensity, absorption represents an
attenuation of the incident radiation in the forward direction. As a result, scattering measurements
other than in the forward direction offer better spatial resolution than extinction. However, the
measured scattered intensity may be much less than that from extinction measurements.

Both extinction and scattering have been applied to simple flame systems, including premixed flat
flames (e.g., [22,23]) and diffusion flames (e.g., [24,25]). The techniques employed, while useful in
providing soot size information, require assumptions (e.g., size distribution, local temperature) and/or
optical conditions (e.g., light-of-sight measurement, low number density) that preclude application to a
complex flow where local point measurements must be resolved.

In an earlier study, an optical method was first applied to a complex flow [0J. Scattering
intensity ratioing was used to gain a first insight into the perturbation of an extractive physical
probe on the local soot size and soot data rate. The angles used for ratioing were 10* and b

° 
which

yielded a size range of 0.3 to 1.8 un. This size range is not optimal for in-situ soot measurement
where the soot size is expected to be generally less than U.b Wm. For the present study, the scattering
intensity ratio technique was (I) expanded to larger angles in order to reduce the lower limit of size
resolved tn 0.08 lm, and (2) employed to obtain spatially resolved distributions of soot size and number
density in a complex flow combustor.

Experiment

A. Approach

The present study was undertaken to evaluate the performance of a nonintrusive optical technique
for the point measurement of soot size and number density within the flowfield of a complex flow

______________ 1



1-4

combustor, and to conduct an exploratory assessment of key fuel and combustor parameters -- fuel
molecular structure, fuel loading, and a soot suppressant additive -- on the spatial distribution of
soot size and number density. Laboratory combustion tests were performed in a model combustor with
isooctane and three fuel blends injected in a prevaporized state. Prevaporization removed from
corsideration the mechanics of evaporation and the associated ambiguity in spatial variation of the fuel
disLribution that would thereby result. The optical technique employed was scattering intensity
ratioing at two angles, 600 and 20'.

B. Combustor

The combustor employed was a model laboratory combustor developed in a series of tests [26,zl].
The configuration is presented in Figure 1. The Dilute Swirl Combustor (USC) features an
aerodynamically controlled, swirl-stabilized recirculation zone to simulate important features of
practical combustors (e.g., swirl and highly-turbulent recirculation).

32cm

DILUTION AIR :> T
57mm 19mm 80mm

IDILUTION AIR -- m

Lx \ CONE/ANNULAR NOZZLE

Figure I Dilute Swirl Combustor

For the present work, the housing consisted of an 80 mm I.D. cylindrical stainless steel tube that
extended 32 cm from the plane of the nozzle. Rectangular, flat windows (25 x 306 mm) were mounted
perpendicular to the horizontal plane on both sides of the combustor tube to provide a clear, optical
access for the laser measurements.

A set of swirl vanes (57 mm 0.0.) were concentrically located within the tube around a 19 nm 0.0.
centrally positioned fuel delivery tube. Dilution and swirl air were metered separately. The dilution
air was introduced through flow straighteners in the outer annulus. The swirl air passed through swirl
vanes with seventy percent (70%) blockage which imparted an angle of turn to the flow of 600. For the
swirl-to-dilution air flow ratio of unity used in the present study, the swirl number obtained by
integrating across the swirl vanes is 0.8; that obtained by integrating the total inlet mass flux is
0.3. The combustor was operated at atmospheric pressure.

Prevaporized fuel was introduced through a cone/annular gas injector (Figure 1), sized to emulate
the directional momentum flux of a hollow-cone liquid spray nozzle at the end of the fuel delivery
tube. The included spray angle of the nozzle was 300. The exit plane of the fuel nozzle was set at the
same axial location as the exit plane of the swirl air to provide a clean, well-defined boundary
condition.

C. Fuels

The present study employed four liquid fuels of varying molecular structure representative of
compounds found in petroleum, shale, and coal derived fuels. lsooctane (2,2,4-trimethylpentane) was

selected as the base fuel as it represents a major
component of JP-8 and serves as the reference fuel in
the ASTM smoke point test. The three remaining fuels

ISOOCTANE (CH 3 )2CHCH 2C(CH 3 )3  consisted of mixtures of isooctane with one of three
compounds with varying degrees of saturation and ring
number (Figure 2) -- toluene, tetralin (I,Z,3,4-

C
'
3  tetrahydronaphthalene), or 1-methylnaphthalene.

Hence, hydrocarbons in each of three groups listed in

TOLUENE Table I are included.

The amount of hydrocarbon blended with the
.W isooctane was selected to yield the same ASTIM smoke

point typical for a JP-8 stock. The amount of each
TETRALIN compound blended with isooctane was determined by

first preparing a curve of smoke point vs. volume
percent isooctane (Figure 3). Table 2 summarizes the

composition and the actual smoke point found for each
CH3 blend. The smoke points, while not identical, are

equivalent within the achievable accuracy of the smoke
I-METHYLNAPHTHALENE point test (i Imm) shown by the error bands in Figure

3. A single ferrocene additive concentration of 0.05%
by weight was selected based on data in Naval Air

Figure 2 Test Fuel Molecular Structure Propulsion Test Center reports [28].
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Table 2 Fuel Sunnary

Smoke Point
a

Fuel Without Additive With Additive H wt.

Isooctane 43.0 >50.0 15.79

JP-8 23.0 24.7 13.89
b

Blend 1 21% Toluene
79% Isooctane 24.0 26.3 14.02

Blend 2 8% Tetralin
92% lsooctane 25.3 30.0 15.U6

Blend 3 5% 1-Methylnaphthalene
95% Isooctane 22.2 35.0 15.16

a Uistance above base of burner at which sooting first occurs
b Wright Patterson AFB

Source: Reference 4

40- PMT-3

35-L

T30
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POINT --------------- Jpe
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- TETRALIN
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M I
I-METHYLNAPHTHALENE

o.P.

25 50 75 100 ARGON-ION LASER

% ISOOCTANE

Figure 3 ASTM Smoke Point Figure 4 Optical Configuration

D. Optical System

The method adopted for the point-measurement of particle size and number density of soot
particulate was scattering intensity ratioing. Figure 4 illustrates the optical configuration. a
modificatIon of that used previously [5]. This earlier work utilized collection optics at 10 and 5

°

off the optical axis. The current work employed collection optics at 60' and 20* to reduce the smallest
size of particles that can be resolved from U.3 to U.08 A.

A 5-watt Model 165 Spectra-Physics argon-ion laser operating in the ultilline mode was used as
the source of light. The laser lines were separated by a dispersion prism to resolve the green line
(514.5 nm) and hue line (481.0 nm). The green line was directed to a beam stop. The active beam, the
blue laser line, was focused to a 11U on waist diameter using a 50 m diameter F/S focusing lens. The

i i

• I
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scattered intensity was detected at 60' and 200 which provides a particle size detection band of
0.08 um d • 0.38 w~. Other angles are available but 600/20' provides the smallest resolvable size
(0.08 um) of those pairs available.

The scattered light was focused to two photomultiplier tubes (RCA Model 8575) having quantum
efficiencies of approximately 15% at the 488.0 nm wavelength. The supply voltage to the tubes was
approximately 1100 volts.

The output signal from the photomultiplier tubes was passed into a Spectron Development
Laboratories (SOL) Model LA-100 logarithmic amplifier which converted the negative current to a
positive voltage and was scaled for +10 volts peak output when the input current was -1 mA. The
amplified signals were then fed to a SUL Model RP-1001 Intensity Ratio Processor (RP). The NP
registered and processed the peaks of the two signals provided certain criteria were met. The UL levels
input from the two channels were processed by an analog subtractor circuit which amplified the signal
with a yamn of five (6) and converted the signal to an 8-bit binary number. The NP had a variable lower

threshold voltage, allowing a measure of control over the rejection of background noise.

The binary output was fed to an Apple 11 microcomputer, which resolved this output into 62 bins.
The size distribution was determined by the number of counts in each bin, where each bin encompassed a
discrete size range. The counts in each bin were then divided by the time required to collect them,
resulting in a count rate (counts/sec). A histogram was then generated of normalized data rate versus
size (in microns). The normalization of this histogram was under the operator's control through the
system software. The histogram could be normalized to itself (giving the bin with the highest sooting
rate an intensity of 1.0); it could be normalized to the highest sooting rate among all the histograms
generated for a particular fuel; or it could be normalized to the highest sooting rate among any number
of fuels or operating conditions. The results of this normalization procedure are evident in Figures
6,8,9, and 10.

The interpretation of the measured intensity ratio is based on tle analysis of the Mie scattering
properties of a homogeneous, isotropic spherical particle. The effects caused by nonspherical
scatterers with an uncertain index of refraction, however, requiries special consideration. An
evaluation of such effects, considered in an earlier study, concluded that the combined error was 20-3U
percent with some broadening of the distribution [5].

Calibration of the optical system was performed using polystyrene particles of a known size (mean
diameter = 0.255 pm, standard deviation = 0.9%). The calibration was then routinely followed by a
system performance check, performed using propylene (Matheson C.P. grade, 99.0% minimum). After
attaining thermal equilibrium, six points in the flow field were monitored for soot data rate and size
distribution. This check was instituted to track the day-to-day variation in combustor performance.
Thus, it served as a means of checking the continuity between the tests of different fuels and of
different operating conditions performed over a span of two months. At any given station, the variation
in the peak of the size distribution of the soot generated from propylene never exceeded 10% of the
nominal value of U.27 ti, The data rate was more variable. At the three axial stations, variation in
the data rate along the centerline over the two-month period was approximately 30%. Away from the
centerline (e.g., r/R = 0.50), the variability in data rate reached 40 to 50%. However, the variability
was generally excessive only at positions where sample collection rates were relatively low. The
variability of the data rates is not unreasonable at this juncture of the system development. Several

jparameters of the measurement system can influence the rate including the alignment and focusing of two
optical detectors at a coincident point, and the signal processor thresholds.

E. Test Matrix

The test matrix for the present study is presented in Table 3. The nominal overall equivalence
ratin for the isooctane and three blends was 0.5. For the dilution-to-swirl air ratio of unity, the
primary zone loading approximated the value in a practical combustor of near-stoichiometric. The
effects of fuel loading and ferrocene additive were demonstrated for two of the blends. The combustor
was operated at a reference velocity of 7.5 m/s.

Table 3 Test Matrix

Fuel Overall Equivalence Figure
Ratio

Isooctane 0.5 5,6

Blend I - 21% Toluene 0.b 7,8,9,10
79% Isooctane .3 9

0.5* 10

Blend 2 - 8% Tetralin 0.5 8
92% Isooctane

Blend 3 - 5% 1-Methylnaphthalene 0.5 8,9,10

95% Isooctane 0.3 9
0.5* 10

*ferrocene additive

__ _ _ _ ___ _ _ _ _L

-*--- w ---- ______________ ______________



Results

The results are preseited in two groups. The performance and utility of the optical system for in-
situ, nonintrusive measurements of soot size and number density is first evaluated. Second, the effects
of fuel molecular structure, fuel loading, and ferrocene additive on the spatial variation of soot size
and number density within the combustor are assessed.

A. Evaluation

Performance. An example of the data provided by the optical system is shown in Figure b. The
histogram represents the distribution of intensity ratio for 16094 validated samples. The data rate is
derived as the division of the number of validated samples (16094) by the total sample time (8.6
seconds) to yield a value of 1871 Hz. The data rate for each sampling location is listed in Table 4.

DATE: 3IMATS3
SERIESi ISOOCT RUN% 1603 31MAY83
COMMENT: D-DATA HV-1180/1220 LASER-IW

RIRO.,50 X/R-2.3 EG/1=O.5 V=7.SM/S

MAX PAW COUNT - 764
TOTAL PAW COUNT = 16094 1.00
SAMPLE TIME: 8.6 SECONDS

LISTING OF RAW COUNTS

BIN BIN 0.80
RATIO COUNT RATIO COUNT

.946 31 .321 598

.913 98 .31 658

.Sl 46 .299 471 0.50

.35 62 .289 441 1-.
:a2 50 .278 470
.791 81 268 397
.763 104 .259 274 N

,736 108 .25 262 -0.40

.71 127 .241 213
.665 145 232 95
.66i 181 .224 167

.637 202 .216 136

.615 183 .209 109 0.20-

.593 294 .201 89

.572 318 .194 60

.552 385 .187 53

.532 413 .181 40

.513 449 .174 44

.495 555 .168 42 0.00
478 589 ,162 27 0,10 0.20 0.25 0.30 0.35 0.38
461 545 .156 28
444 644 .151 15 SIZE, MICRONS

.429 632 .145 14

.414 719 .14 13
.399 663 .135 12
.385 759 .13 t0

.371 764 .126 91.35 748 121 o Figure 5 Representative Optical Data,3 5 673 .113

.345 714 (Isooctane, * = 0.5, x/R = 2.3, rfR = 0.50)

The utility of a point measurement is the ability to map the combustor for soot size and number
density. An example of such a mapping is presented in Figure 6. Radial profiles of optically-measured
soot size and number density are presented at three axial locations within the combustor. In this
figure, and in Figures 8,9, and 10, radial and axial locations are non-dimensionalized to the combustor
rajius, K = 40 wu. For purposes of scaling the histograms in these three-dimensional plots, the
histogram that exhibits the peak data rate in the field is presented in the upper left corner of each
plot. The histograms of Figure 6 are normalized to the peak sooting rate of the isooctane/tetralin
blend in Figure 8. As a result, the peak data rate in Figure 6 (as shown in the histogram in the upper

J left corner) is less than unity. (Note also that this histogram corresponds identically to the
histogram of Figure 5). The areas of peak soot concentration for isooctane can be identified (x/R =
2.3; r/R - U.50, 0.67), and the reduction of soot at progressive stations downstream is clearly

evident. No substantial change in particle size distribution is evident.

SIZE Jim

Figure 6 Spatial Map
(Isooctene,# 0.5)



Table 4 Data Rate (Hz)

Fuel £qulvalence Location Fq~re
Ratio

AxIal Radial
x/R r/R

0 0.17 0.33 0.02 :.o : uj.

Isooctane 0.6 2.3 710 894 1450 1871 1675 647
3.7 889 580 617 iP4 1147 1295
5.0 601 389 216 241 365 S6I

blend I 0.5 2.2 1055 1304 375 647 1468 2563 ,
21% Toluene 3.7 1118 1422 1632 1150 2037 155
79% Isooctane 5.0 1321 1441 1801 2104 2193 207b

0.3 2.3 1432 1108 8/1 1107 1208 732

3.7 1328 925 528 416 505 19
5.0 1187 753 374 221 216 304

w/ferrocene 0.5 2.3 1628 1478 1339 1025 1443 1548 1U

3.7 1364 1258 1458 1760 2081 2388
;.n 1269 )70 170 1344 20q4 2373

blend 2 0.5 2.3 1200 1590 1347 1175 1631 2236 8

8% Tetralio 3.7 1269 1293 1717 2104 2361 2708
92% Isooctane 5.0 1164 1081 1291 1686 2032 2405

Blend 3 0.5 2.3 1178 1578 1549 1077 1010 826 8,9,10

5% 1-Methyl- 3.7 1375 1353 1697 2192 2135 1526
naphthalene 5.0 1223 1073 1191 1612 2090 2411
95% Isooctane

0.3 2.3 643 408 284 742 1464 1796 9

3.7 507 234 116 213 566 1131
5.0 407 215 87 65 136 281

i/ferrocene 0.3 2.3 1235 1485 1643 1434 1492 1558 10
3.7 1246 1186 1438 1939 2339 1984
5.0 982 855 909 1311 1764 2293

Validation. To validate the optical system, the optical probe was positioned at the entrance of an
extractive probe used previously C5]. The extractive probe was located at an axial plane (x/R = S.0)
and radial location (r/R = 0.83) well displaced from the centerline where flow perturbation was expected
to be minimized. Two analyses of the extracted sample -- scanning electron microscopy and gravimetric

- were conducted and compared to the optical results.

The morphology of the soot is agglomerates of smaller (-0.05 um) spherical particles which is
consistent with the morphology and size observed in other combustor studies (e.g., [4,b,29,30]). An
example of the size distribution derived from a scanning electron micrograph (SEM) of the extracted
sample is compared to the optical measurement for an isooctane/toluene blend in Figure 7a. Particle
sizes observed optically are also revealed by the SEM data. However, it is evident that the range of
particle sizes resolved by the 60*/200 intensity ratioing (1) is at the large particle end of the SEM
distribution, (2) encompasses only a small portion of the total number of particles, (3) includes the
agglomerates, and (4) excludes the primary particles.

Although the optical data do not include the peak size of the actual distribution (-0.05 Wn, the
*size of the primary particles), the optical data appear to accurately reflect a secondary peak located

in the large particle wing of the SEM data. To more effectively compare the two sets of data, the SEM
data are renormalized in Figure 7b to the secondary peak in data rate that occurs in the large particle
wing of the SEN distribution (d - 0.22 on). The optically-measured peak in data rate appears to be
real and reflect a discontinuitY in particle size associated with agglomerate growth. However, the
extent to which the optically-measured data rate is reduced on the small particle side of the peak may

_be exaggerated. This is attrlbuted to an inaccuracy in the optical technique associated with the
Gaussian intensity profile of the incident laser beam. A relatively small particle passing though the
laser beam at the wing of the Gaussian intensity profile may not scatter enough light to the detectors
to meet established threshold levels on the RP, whereas a larger particle, passing through the same
region of the beam, will scatter enough light to be recorded. This acts to artificially suppress the
low end of the distribution. This inaccuracy is amenable to an analytically derived "probe volume"
correction which could be implemented through the reduction software, in essense giving the system a
flat response throughout the range of sizes it is theoretically capable of measuring.

The present application of this optical technique uncovered other factors that also can influence
the measured size distribution. The event threshold setting is a Schmidt-trigger based control used to
prevent the RP from triggering more than once per particle count due to a noisy signal. Upon the

initial detection of a rising signal, the RP drops its reset level immediately to a lower voltage,
insuring that noise superimposed on the true signal does not reset the RP and produce MUltiple-count
responses as one particle passes through the laser beam. As the event threshold setting is manually
lowered, an increasing number of small particles are able to meet the threshold voltage. The small
particle end of the distribution can thus be boosted relative to the large particle end. In addition to

- --- r z',-



the threshold setting, the dynamic range of the system is maximized by Setting the ligh voltaye on each
photo-multiplier tube (PMT). The procedure is to set the PMTgains such that the maximum-size particle
capdule of being measured gives a IOV output to the RP. hs maximum-size particle (0.38 urn for bU

0
/ZU

0

1R), however, scatters light to the PMTs with an intensity dependent upon where it traverses the
Gaussian intensity profile of the laser beam. If the PMT gains are set too low, small particles may not
reach the lower threshold value. If set too high, some larger particles (but still below u.38 a in
size) may cause an output of >1OV to the RP and be invalidated. Thus, tne resulting size distribution
can be altered and/or truncated at the low or high end, depending on the PMT gains. Finally, alignment
to insure that the two detectors are viewing identical areas at the waist of the laser beam is
necessary. If the viewing area of one detector is moved relative to the viewing area of the other, the
area of coincidence may be narrowed and reside on the wing of the Gaussian intensity profile of the
laser beam, thereby suppressing the low end of the distribution. A calibration of the optical technique
using either monodispersed latex seeds of at least three sizes, or a carefully prepared and introduced
polydispersed mixture of known distribution may be effective in setting the threshold, PMT gains, and
alignment to the optimum values and thereby minimize the uncertainty associated with the measured size
distribution.

In Figure 7c, both the optical and SEM distributions are presented in terms of mass density.
Although the difference in relative peak levels is not as pronounced, it is nonetheles still
striking. The gravimetric sample extracted yielded a mass concentration of -210 py/m whereas a mass
concentration, calculated by combining the optical data (size distribution, data rate) with the size of
the opticil probe cross-sectional area relative to that of the extractive probe, indicated a level of
-250 pg/m . Because the size range resolved by the optical technique represents approximately )ne-nalf
the total mass of the particulate (Figure 7c), the optically-deduced mass concentration must be doubled
to -500 1,/m for direct comparison to the gravimetric value. The resultant factor of four difference
between the optical and gravimetric values is attributed to both the rejection by the RP of a portion of
the particle scores due to validity checks and approximations (e.g., effective optical sampling volume)
associated with the calculation of the mass concentration from the optical data.
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Figure 7 Validation
(Isooctane/Toluene, * = 0.5, x/R 5.0, r/R U.83)

(a) Number Density
(b) Number Density Renormalized
(c) Mass Uensity

B. Parametric Assessment

Fuel Molecular Structure. The results for the effect of fuel molecular structure on soot size and
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number density are presented in Figure 8 for the three blends (79% isooctane/21% toluene; 92%
isooctane/8% tetralin; 95% isooctane/5% 1-methylnaphthalene) prepared to yield the same smoke point as a
JP-8 stock. The data are normalized to the peak data rate observed with the three fuels, namely that of
the tetralin blend. The data rates are tabulated in Table 4.

It is first noteworthy to compare the results for the isooctane blends with the results for the
pure isooctane (Figure 6), which is also normalized to the tetralin blend. The data rate for the blends
are generally a factor of 3 higher than the data rates observed for the pure isooctane. Hence, the
addition of ring compounds (as small as 5% by volume in the case of 1-methylnaphthalene) has a
substantial impact on the soot produced. Secondly, a significant increase on the small particle side of
the distribution occurs in the case of the blends, especially for isooctane/toluene and
isooctane/tetralin, indicating that a peak in the number density of the agglomerates, if real, is not as
sharp as that observed for isooctane. Thirdly, the position in the flowfield where the data rate peaks
is clearly different for the blends. For isooctane, the data rate peak occurs at a radial position
midway between the centerline and the wall, approximately coincident with the radial boundary (i.e.,
shear layer) of the recirculation zone. For the blends, the peak occurs at the wall, varying only in

(a)
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SFigure 8 Fuel Molecular Structure

( =0.5)
(a) Isooctane/Toluene
(b) Isooctane/Tetralin
(c) Isooctane/1-Methylnaphthalene

axial location among the blends. This suggests that the slower rate of pyrolysis associated with the
ring compounds extends the time over which soot is formed (as well as increasing the amount) leading to
a different spatial distribution of soot than that found for pure isooctane. The implication is that,
to accommodate a fuel of significantly different fuel molecular structure in a given combustor, the fuel
spray pattern and/or the primary zone aerodynamics must be modified to suppress an attendent increase in
the production of soot.

Finally, the production of soot is remarkedly similar for the three blends mixed to yield the same
ASTM smoke point. In this regard it should be noted that the three fuel blends of the same smoke point
are of different hydrogen contents (Table 2). The tetralin blend and the 1-methylnaphthalene blend are
essentially of the same hydrogen content as well as smoke point. Their similar sooting properties in
the complex flow are not surprising. The hydrogen content of the toluene blend is one weight percent
lower. A soot-hydrogen content correlation would predict its sooting tendency to be higher than that of
the two other blends. The fact that the blends containing multiring elements soot in a manner similar
to the lower hydrogen content, single ring aromatic blend is consistent with the results in a stirred
reactor LIS] and practical combustors [16,17].

. I
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Figure 9 Fuel Loading
(a) Isooctane/Toluene
(b) Isooctane/I-Methlynaphthalene

Fuel Loadin . Optical measurements were taken at a reduced overall equivalence ratio (t = 0.3) to
test the fedt of fuel loading. For brevity, results are presented for two blends (79% isooctane/21%
toluene; 95% isooctane/5% 1-methylnaphthalene) in Figure 9. The data rate histograms are normalized to
the peak data rate for the parent fuel at the elevated fuel loading (s = U.b). The reduction in fuel
loading has a substantial impact on the soot roduced. Such a change affects not only the total fuel
introduced, but also the spatial distribution of the fuel introduced, the local mixture ratio, and the
local temperature.

Ferrocene. The terrocene additive was added to the same two fuel blends evaluated under fuel
loading - ure 10). The effect of the ferrocene addition on the ASTM smoke number is presented in
Table 2. The additive was effective in raising the smoke point in both cases (indicating that the
sooting propensity was reduced) although the relative effectiveness depended on the fuel type. In the
aerodynamically controlled flow of the USC, the effect of the ferrocene depended on fuel structure. A
calculation of the total soot passing the x/R - 5.0 axial plane (obtained by combining the data rates of
Table 4 with the annular cross sectional area represented by each of the six radial sampling locations
-- note that the x/R - 0.83 radial sampling point represents bU% of the total cross-sectional area)
yielded a reduction in soot emitted in the presence of terrocene of ?U% for the 1-methylnaplhthalene
blend and no change for the toluene blend. The toluene results are consistent with an earlier study
(4], but the 1-methylnaphthalene results are opposite from those observed earlier where an increase in
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Figure 10 Ferrocene
(a) Isooctane/Toluene
(b) Isooctane/1-Methylnaphtnlalene

sooting for the double ring aromatic blend (95% isooctane/5% 1-methylnaphthalene) was ouservea. This
difference is attributed to the relatively high fuel loading in the primary zone of tne combustor
configuration and nozzle employed in the earlier study as compared to the presenL .Ludy, and indicates
the role of the fuel/air mixing and fuel molecular structure in determining the additive impact.

Conclusions

An optical system for the local, in-situ measurement of soot size and number density has been
demonstrated in an aerodynamically controlled flowfield representative of a practical turbine
combustor. The utility of such a diagnostic tool is the provision of detailed mapping to identify the
regions of soot formation and burnout in a complex flow In the present case, this capability was
applied to changes in fuel molecular structure, fuel loading, and the addition of a fuel additive.

Regions of particulate formation and reduction are indicated by spatial maps of soot size and
number density. The addition of ring compounds to the base isooctane substantially changed the

. .. .. .... . . .. ....... ... . ...... . ........ ..... " ............. ....... ... ... ...--



distribution of soot and increased the overafl emissions by 3dUV. The prouction 01 soot wd5
substantially reduced by a decrease in fuel loading. and marginally reduced or not attezted by tnr
addition of ferrocene depending on fuel structure. Not only was the number o'-nsity of Soot atfected,
but the point in the flow where the soot number density peaked Lhanyed significantly with changes in
fuel molecular structure, and additive introduction. These spatial variations in the amount of soot
produced point to the importance of spatially-resolved, nonintrusive optical ineasurements in order to
guide combustor design, nozzle design, and fuel property specifications for future fuels.

Although the demonstration itself was successful, and the parametric variation was valuable in
providing the first insights into the sootiny behavior resident in these types of flows, questions
raised during the conduct of this study must be resolved if (1) the optical technique is to reach i,
full potential, and (2) the data derived from such systems is to be of quantitative value as well us
lualitative value.

A probe volume correction is necessary to supppress the biasirig of the size distribution at the
small particle end of the distribution, and a refined calibration method is necessary to reduce the
uncertainty in the distribution associated with alignment of the two detectors, setting various
threshold levels, and establishing the PMT gains. In addition, complementary or alternative optical
techniques must be pursued to extend the resolvable size to encompass sizes below U.05 en if the entire
size distribution is to be represented.
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DISCUSSION

S.%it tig, (e
Your results are qtite encouraging especial[, in their extension to smaller particles. Ilowever. ' hen we at lurdue
and later in Karlsruhe continued to develop the RSPC I Ratio-Single-Particle-Counter) based on (Gra art's ideas and
extended it to multiple scattering (MRSP(. we tried to stay close to the forward scattering lobe for reasons which
have been explained by us in detail and are well known (refractive index, distance of the probe volume from the
wall etc.. I lov' sensitive are your measurements using relatively large angles ( 0r Ito changes in the refractive
index" Do you feel your arrangement can be applied to practical combuIstors with large diameters' flow did you
achieve the high sensitivity? Finally a brief comment: thts biasing problem has been solved by u' in Karlsruhe.
The computer program in combination with optical modifications is routinely used practically on-line. -xcellent
results even in narrow bimodal distributions are obtained.

Author's Reply
The effect due to an uncertain index of refraction was inspected by both ('hu and Robinson 1 197-) and llirleman
(11)77. Their findings show that, for absorbing particles (as in the case with soot particles. the error due to an
uncertainty in the index of refraction is very small ttypically several percent). However, for nonabsorbing particle,
(as is the case in the cold flow calibration described here), an error as much as '5 perent can occur depending on
the size of the particles. For the present study at 60 2' . the scattering calculations using indices of refraction
for soot and polystyrene latex particles of n = 1.57 - 0.56i and n = 1.60 - 0i. respectively, yielded identical
results for scattering intensity ratio vs. size except for a band of particle sizes 0.25 < d < 0.35 pim where the
deviation in size approached I percent. The r00 scattering angle requires a wide window of optical access that
will restrict application to laboratory combustors rather than practical combustors (where optical access wA ill likely
be limited).
The intensity of light scattered from particles in the size range 0.08,um to 038 um varies by d6 or a factor greater
than 10'. To obtain adequate sensitivity over this large dynamic range, a logarithmic amplifier was designed to
yield a 2 volt output for every decade change in input from the plotomultiplier. This output provides a high
signal-to-noise ratio and, in combination with noise discrimination logic in the Ratio Processor, yields a high alid
to invalid data rate.
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ETUDE EXPERIM'ENTALE ET MODELISATION

DE LA CINETIQUE DE COMBUSTION DES HYDROCARBURES
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POSITION DU PROBLEME

L~a cbrie' Ede la combustion tient uine placo imrportantp dlans la riotlIlratioo do-'
FEyors rip tuirborceactoiirs et loF p)roro roalise' dans 105 m~thodeF d'analyst, numrquo [0r-

mpttent do d~crlre do mani .rro do plus on plus prE~cisp le' mocaoicmoc roactionnels su-cv,-
tibl dmintorvpnir claos Los chambros do combustion. La comploxrt6 croi-anto do- cmn

6
tr-

ques proposeos va doe pair aver: le d6voloppement tN., m6thodes do calcul.

A lbhoure actuolle, los modi'los cioo;tique- auxquol s on fait appo1 sont n~cf-sai-
roment -'rmplifi6F, car les coooaissances concernant les 61tapos 6l,;mentarros do la combus-
tion Elhdrocarbuirps lourds Foot encore tros limit~e5; ii Prt on offot impossiblo do d~cri-
re de manicre Eltaille6e la combustion d'un m~lango aussi comploxo PEC e It kroserio.

l~a misO au point d'un m6caoisme simplifi6 n~co~ssto i*obtention do dononcs cino-
tiqooF ai l'aide .'oxporieoces suffisamment reprrIsontativ-' des condlition- rogniant dlans uin

foyer, mais pormettant tine interprdtariun plus ais6i, des r(;FultatF. Ain-i, oin certain nom-
bire do travnox (1) ont permis de wsontror que los promii-ro 6tapes de la combustion dies by-
(trocarbures sup~rieurs soot car-act, risees par 000 pyrolyso, do Ia molrculo initialo on frig-
moots hydrocarbon~s do plus fai',c poid5 moleculaire. Los exporioncos rrealiso P' clans un ro-
acteur i r6coulemont turbulont ozur des alcanos de C 2 iii Clj rovoloot la pr6seoce do proFE~no Pt

dlcthyli~ne comme intormodiaires pr~pond~rants '2). Quant k li6tudoe de la distribution does
produits do d~gradation primairo do k~rosprne, olto resto encoro a fairo, maii ii a ;t6

1 
montrr

(3) qu'a partir de FFOO'C environ, les produits l~gers (C<,) deviornont prepoinie-rnts. Si
l'on excepte los 7oneF. tuops immpdiatement a l~a sortie do's injocteurs Pt les 7ones oil se
torment les solos, la combustion du k~ros~no est en grande partivon00 combus'tion d'bvdro-
car-bores do C2 ~iC4.

Inttirotdos mocanismes d~taill~s;

Los mod iIes cin~tiquep ii une soulo r~action globale ont 6t6 longtemps les souls
utilis~s pour d6crire la combustion dlans on foyer de turbomachine 00 on foyer homogi~ne. Utoo
6tude de 1.ostbrook ot Dryer(4) rerd compte dosrclsultats obtenus avec one telle cin~tique pour
calcolor dips vitesses do flammos d'bydrocarburos. La m~me 6tudo indiqiur les limito- d'appli-
cation d'une cinfetiqoo globale at tine reaction Pt pri;ente los am~i iorations Ipport~es par
les sch~mas cin~tiques a deux i6tapes, ainsi que par on mod~lo quasi-global do typo de colot
propos;4 par F'delman Pt Fortuno (5,). Cos deux sch~mas porniettenitde roproduire correctomeot
los vitosses (10 flammes dEEO grand nomhro d'hydr-ocarbures; cpendant, i1 ost montr6 quo le
modolo quasi-global no donne pra. 000 bonne repr~sentation des pr-ofils de concentration do
1'oxyiio do carbono et dos atomes 00 radicaux dans une flamme laminaire. Coci liroviont do la

(orontation trop Fimplifi~e en0t00 settle 6tapo do 11oxydation do l'hydrocarbure initial
or oxydo do carbone ot bydroi-no.

A cot 6gj ard, une am6lioration a 
6

tri apportco piar b)uter-que Pt al. (6) all sch~mn
quasni-fgltobal (d0 I dolman. fn effot, la premii rp 6tape globale do lour sch~ma for-mo inteinm6-
diairomont On oi1 pEu-ieurs compoF6F hwirrocartion~s, ce qui rend mieux compte do la nature
coqueotielle (2) de l'oxyrlation ties hydrocarbur-. Cette 4 voliitmon -,quontiolle e~t rfpr--
priti-P, dans le -chtma do lautman ot al. (7), par quatro 6tapos faisant into.-venir l'6thv-

lo-ne comine intor-mediairo. Copondant, los coefficients num6riques intorvonmont dlans los ex-

prpss ions c int iqtis -tmni-globale.s 1 ropos~es par cesF autours doivent etro o;valuoc-s ermpiri-
pliniet C (lmaneota tre ajupt6es cas par cins piour po!voir ropro-'entor correctoment tin(,

combustion clans dies conditions exp6rimentales tlonn6es.

L~a sll[ieri orlte des ru1canismes dtita ill6s est do pormet tro dot reprr~sontor, a 1 a ide
F d'un mrecanicimo unique, Ia combuistion d'un hydrocprburo dlans rips conditions op~rntoire- tros

lfrf~rentes. Fans le cas E'tn *;coulomont simp~le, 1m rt'solution Won tri syst-me no pose pans

de ol fficultc~, mais il Won est p)as do me dlans on ticouletient complexe. lou1tefoi-, i ri-
tir dlu mecanismE di,taillI6, il est possible dicriro des expressions simplitilios qui reii-
tent les 6tapes ro;pond1rTanteF dansdE-s conditions oxporimprntales donnfro. I'o tel exemple
d'expressionecinetique simpilif ice obtonue i partir d'un mecanismo drtmill(; ous ost donne
par Abdalla t al. (C 1 ) pour la modolis ation d'une flammo tnirbuilento dIE mt.thmne on m~Ilmnge
pm u vre



Main, si le m
4
canisme d~taiIl6 de la combustion du m~thane en milange pauvre est

maintonant bien connul il nen est pas de mime pour celui de la combustion en no~1ange ri-
cheo fu on pr6sence d'hydrocarbures superieurs. Dans ce cas, en effet, Ai est necessair- de
faire intervenir les rNactions de combustion de l'6thylene et de son principal produit d'o-
xydation: I'ac~tylbne; or, les mecanismes proposes pour l'oxydation de es deux interm6-
diajren de la combustion der hydrocarbures sup~riours diff~rent d'un auteur A l'autre.Coest
pourquoi de nombreuses 'ofrontations experience-simulation sont encore neosairec pour
pr~cisor loc diff6rents points encore obscurs de con mecanismes et pour 6tablir des expres-
FionF cinetiquep de la combustion dos hydrocarbureF superieurs Fur des bases moins empi-
ri ques

CWent dans ce but qu'ont 6 entreprises,depuis quelques ann6es, des recbercbes
-ur 1'oxydation do haute temp6rature den bydrocarbores dans notre Kaboratoire.

A. 1)escription do I'appareillage.

la technique do rNactpur 1i Acooloment turbulent d~vplopp~e aux U.P.A. dans le
laboratoirp do I'rofesseor G;lassman (2) a permin de faire progresser los connaissances con-
cernant lot processos r6actionnels qui interviennent dans loxydation des bydrocarbureF.

Dans le but d'6tondre le domaine d'6tude aux pressions sup~rieures a is prossion
atinospbrique, nous avons mis en oeuvre on r6acteur tiibulaire en quart? pouvent operer juF-
quii 10 atmosphireF (9). Dans ce r~acteur, qui o-t do conception analogue A celui de Vin-
ceton, le combustible est introduit fortement dilu6 (concentration do l'ordre de 1%) dans
un courant d'avote et d'oxygine pri~chauff6 a la temp~rature de l'Atude, par quatre orifi-
ces perpondiculaires au courant gai'eux principal. 5S dimensions soot cependant beaucoup
plu, reduite,: ca lonrueur est do 60 cm, son diamitre int~rieur do b mm (diam6tre exteriour:
13 mm), le diamitre do l'injecteur est de 4 mm et celui destrous dlinjection do 0.1 mm.

Los exp~riences ont W rialis~es en regime d'6coulement laminairo, pour des vi-
tosses d'6cnulpment nuffisamment importantos pour qu'il soit possible do n~gliger la dif-
fusion longitudinalo; en outro, le faible diamitre du rNacteur, favorisant la diffusion
radiale do- ospbeo ga/ouses, permet do faire l'hypotb~se do l'6coulement piston. Niais cot-
to approximation Wnt plus v~rifi~e en pr6sence d'une importanto 6l6vation do temp6rpture
due a la rjact ion, car on observe alors un gradient 0o temp6rature entre Maxe et la paroi
du ,Nacteur (rHacteur non adiabatique). Ceci nous a contraints A limiter pratiquement nios
Auoden aux premieres 6tapes de 1'oxydat ion des bydrocarburos (conversion en ol~fine et o-
xydation on oxyde de carbone), itapes qui sont thermoneutros ou faiblement exotbermiques.

Le r6acteur est plac6 dans un four comprenant plusipurS 7000s do chauffage, dans
lequel ont 0~6 insjr~s quatro caloducs, ceci permettant d'obtenir, en labsence do r6sction,
une temp~rature uniformo junqu'a 50 cm de 1'injecteur. Le chauffage dui gS7 veCtour Ot 1e
chauffare du four entourant lo r~acteur sont assures par des r~istances rlectriques dont
la tension est stabilis~e par on regulateor ilectronique. L~a tompiraturech milieu ga7Vux

et me~uree en deplayant un thermocouple en chromel-alomel le long do 1'axe du r~acteur.ILo irelivement des especes gayoueoss (laosle rdacteur est effpct,,i en remplayant le thermo-
couple par one monde en quart? effi l~e a 5aiextr~mi t&. Los ga7 Font pr~levOs dans la sonde
sous faible pression (< 15 torre), S travers un orifice do trb's petit diamb'tre; Ans sent
ensoito wtock.~s dans des ballons en pyrex, avant d'~tre analys&s par chromatographie on
phase jga~pusp o spectrom6trip de manse.

R. I(6woltats experimentaux.

Les premiers r~sultats exp~rimentaux obtenos Folon cotte tecbniquo,concernant
1'oxydatinn do propane (I h 6, bars) et do hutane (I bar) vers 1000 K , ont 06 pobli6s an-
te~niourement (9).

Doe noveaux r6sultats Fur l'oxydation du propane ont A6 obtenos depiiis, dens on
domaine plus 6tendi do prespinn(jlqu'Si 10 bars) o1 de tomp~ratures (jusquQ~ 1170 K).

D'autro part, afin do mioux appr6hpnder la phase rNactionnelle imm~diatement pr~alablo A la
consommation de l'oxyde do carbono, il nous ost apparo necessairo d'entreprendre POtMd do
l'oxydation do l'Atbyf'ne, susceptible d'apporter des donn~os nouvellos sur la cin~tique
d'oxydation do cot important interm~diaire do la combustion des bydrocarbures. Cotte Atude
a M~t effectoie dans on domaine do rressions compris entre I et 10 bars, entre 990 et 1100 X
et pour des riceess comprises ontro 0,21, et ?i

Los figures 1, 2, 3 et 4repr~sentent qoclques exemples do r~sultats exp~rimen-
taux. Blien quo noun aynns pu doser 6galement lo m,thano, l'6tbaneg lbydrogine et l'ac~ty-

__ 1line Qd~ect6i 1 '6tat do traces), nous n'avons report6 sur ces figures quo les concentra-
tions des composOs majnritaires. Les profils do concentration des espices on fonction do la
distance i l'injecteur ont Mt convortis, a partir des valeurs dos d,~bits volumiques des
gai', en profils do concentration au coors du temps.

PJUW-bIS EN IIEACTPJIU 110OGENE,

Los limitations du domaino do validit6 do l'~coulemont piston i on avencement
ractionnel LiOW nous ont conduits i envisager one autro technique plus adept~e A l'itude
des rpactions i grand avancementile r~acteur parfaitemont agit6.

Villormaux et sea collaborateors (10, 11) ant mis au point un reactour Outo-agi-



Q~ par jets par jet- ga7PUX, pouvant fonctionner pour des temps de passage de l'ordre de
la econde. De tels r~acteurs ont 06 utiiis~s, en particulier, pour I'Atude de 18 pyroly-
,p des hydrocarbures (12, 11) avec des temnps de passage compris entre 0,05 pt 10 secondes.

Utilisant ins r~gles de construction prtconis6ps par David,nous avons realise au
Laboratoire un r6acteur spheiique en quart7 de 4 cm de diam~tre, muni d'un injecteur en
croix comprenant quatre orifices de 1 mm de diami tre. Ce r~acteur posside In particularitei
Mitre situi dans une enceinte 6tanche, ce quipermet son utilisation sous pression. Un
4hermocouple en chromel-alumel peut Atre d6piac6 t l'int~rieur pour v~rifier lhomogen~itti
de ta temp6rature du milieu ga7Pux et la mesurer. line sonde en quartz permet de pr6iever
lns especep gaveuses en diff6rents points dans in r~acteur. Le chauffage du riacteur et le
pr~chauffage du gayl vncteur somt assuriS par des r~sistances 6iectriques dont la tension ext
r6gu ion.

line 6tude pr6aiable de la distribution des temps de s~jour dans le r~acteur, au
moyn de I *injection d'un traceur inerte~a montrel que ins quaiit~s du m~lango ne sont pas
modifi6en dans la gamme de temps de passage pr~cit~e si le relacteur est utilis6 i 10 bars
au lieu (in la pression atmospherique.

Nous avons Atudi~, dans ce r~acteur, l'oxydation de l'6thyline et du propane dans
in dornaine de pression 1-10 bars et pour des tempeiratures voisines de 1000 K. Un exemple
des riFultatF nxpi~rimentaux est donn6 sur la figures.

INTERPRE TATfION

A. Mod~lisation en cin~tique chimique.

Nous avons, depuis quelques annefes, abordi au Laboratoira,et en partia r~soiu,
Irs problmps concrets rencontr~s en mod~lisation cin~tique en faisant les hypothises sui-
vantr' :

- la r
6
action chimique 6tudi6e est repr~sentabie par un ensemble de r~actions supposlies

elementaires, constituant un m~canisme en chatnes. La vitesse de formation de llesp~ce i
est une combinaison linelaire des vitesses 616mentaires directes et inverses des refactions
mises en oeuvre dans le mecanisme. Lie d~roulement de la relaction peut Atre reprisentef par
in systbme diff~rentiel suivant:

dX./'dt = f.i (t, X) (i = 1, N)

(t=temps,
x =tableau dedimension N, contenant les concentrations des N diff~rentes espices

et:dT/dt = lb 3 r1  -(T - To)

Jci xi Ic 1 xi

representant, selon le mode thermique de Semenov, la vitesse d~volution de ia temp~ra-
ture au cours du temps, dans laquelle:

T ent la temp~rature des ga7 A 1'instant t,
Tla tompuirature initiale des gav,

hj, In changement d'enthalpie produit par la reaction j, calcuI4 i la temp~rature T A
partir des enthalpies de formation de chaque esphce (hi),

ep ,la vitesse de la refaction 6~atiej1ci la chainur sp~cifique de l'espice i i la temp~rature T.
Lies valeurs des h 1et c1 , utilislis pour calculer la tempeirature et les cons-

tantes de vitesse des r.~actions inverses sont tirlies des table's de Bahn 114)
Bi est un coefficient d'~change de chaleur (pris efgal a 5. l0- caLs-4.cmJ3.KL1).

-inlest pins n~cessaire d'adjoindre au systi me ci-dessus d*6quations d~crivant lea,
ph6nomines de transport.

Le programme dlintigration utilise la m~thode de Gear (15) dans la version
~ (16), parfaitemant adapt~e aux problimes rencontrefs en cineltique. Il nous

est ainsi possible d'Atre inform6 sur ])allure de la variation de concentration des comn-
poses au cours du temps, sur l1ordre de grandeur de laura concentrations at sur l'impor-
tance relative des rNactions en pr~sence.

HI. Recherche d'un m~canisme d~taill6.

Nous avions propos6 ant~rieurement un m~canisme d~tailleiv fond.4 sur les donnies
cineitiques de la litt~rature, pour l1oxydation du propane et du butane. Ce m~canisme per-
mettait de simuler correctemant Lea reaultats experimantaux obtanus an r~acteur tubulaira
aux environs de 1000 K et jusquQ un avancamant limitN i 50 de consommation du r~actif
initial. routefois, le sch~ma propos6 ne pranait pas en compte Vint~gralit& des tAspes a-
16mentaires assurant la transformation de 194thyl -ne en oxyda de carbone, la vitesse de
consommation de l'ol~fine K~ant tr6s foible dan8 cam conditions d'avancament 1irnitA. Ainsi,
ii n'6tait pas possible de v~rifier la validitN du m~canisme mp~cifique de JVoxydation de
114thylh'ne, tel que nous L'avions inclus dans le m~canisme global. 11 ast de fait qua cetta
partie de notre ancien mecanisma ne nous a pins parmis de simuler corractement lam exp~rien-
cps rialis~es sur l'tthyline pur en r6acteur tubulaire.

Nous appuyant sur Les mines au point Lea plus r~centes de la litt~rature, nous
avons consid,~rc Las m~canismen de Warnat7 (17) at do Westbrook at &1. (18) pour l'oxyda-
tion de I'Ahyline. Lie travail a conaistS i tenter d'etablir un rn~canisme qui permette de
simuler Ins expiriences offectu~es sur le propane at ldthylene dans le domaine de tempi-
ratures compris entra 900 at 1200 K at de prassioris compris entre I at 10 bars. Noun avons
en outre test4 la validit6 des diffdrants m~canismasp quant A la simulation dlexpdriences
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r~alis~es par fpellet et coil. (1,)) c3ur la combustion du propane et de l.6thvfln e dan- Uri

foyer turbulent tubulaire entre 1200 et 1600 K. Nous avons enfin compare le dflai5 dI'ln-

flammation exp~rimentaux obtenuc par Burcat et al. (20) alu cour', d'unp otude do la comh'j~-

tion du propane en tube i choc avec lee delaiF calcul, s dane le- memps conditions de

temp~rature et de pression.

Cot ensemble do confrontations nous a amends ak retenir lcs Proposition, sulvan-

tes:
B.1 Oxydation de l' thylienei

- le m6canisme proposo par Westbrook (114) dojt Atre prir en compte. 11 fait intervenir

la formation dlactityie par l'intermlidiaire de radicaux CHO3 i~sus de 1'interaction entre

116thyl1(nc et lee radicaux Oil ou les atomes H, ai ravoir une sequence pouvant Atre sch,;mati-

P~ ou afom:C If, +H 0111~~ + CH2 0 importance relative vanea-
2 4 C2 1'3 + i20 Jble scion la riche-se

C 2H, + H C- 2 H3 + H2
C 2 13 + M C2 3 2

La consommation ult~rieure de Pac~tylilne s'effectue par l'intormcidialre des redicaux

OH:

C2 H2 + H -- oC 2 H+H20

C 2H 2+ OH -. CH 3 +C

avec formation pr,;f~rentieile de C2 1- et CH-1
- lee 6tapes sugger6P5 rkcemme nt par A1iller Pt al. (21) pour lee radicaux OH2 , telr

qu'ils leF faitintervenir aul cours do V*oxydation de Vac~tyl~ne:

CH 2 + 02 Co 02 +H 2

CH 2+*0 2 o2+

C2 +02 CO+H20

CH 2+ 0 2 CO + OIl + li

doivont Atre considerees.

En cc qui concerne nos exp~riences, on observe un d6calage entre les profils ox-
ptrimentaux de concentration des esp -ces et les profile caicul~sp indliquant que la r~action
d~marre plus rapidement quc ne le privoit la simulation. IA 6tudo de sensibilit6 montre que
co d~calagp varie de fa(;on significative avec le.- valeurr attriburies aux conste-ntes de vi-
tesse des r~actions: H+Ol 1

+ OH 3 2H + HO2

et O2H' + 0 2 31 O C2H 2 +HO

lour r6duire cc d~calage, nous avons ft6 amends attribuer k ceF constantes lee valeurs
indiqu~es dane le tableau 1, aul lieu de ceile5 propoesee par Westbrook , qui 6taient lee

suivente: k IF4= 4,8. 10 1
2
ex p(-1,2/RT) cm 

3
.mo 1- . e-I

kl m 10 12 
2 

(-I0/IRT) cm 
3
.mo 1-

1
. -1

Cet ajuetement permet de r~cduire le decalage et non de l'annuler, ce qui nous conduit, Ain-
si que Pont fait pr~aiablement Westbrook et al., i incriminer le dis:positif d'injection
dane lequel l'6thylbne commence de r~agir avant de parvenir aul r~acteur. Ce d~marrage pr46-

*coce dle la r~action d'oxydation de l'0;thyline est pris en compte diane Ia simulation par in
suppression de la pilriode de d~lai.

La simulation de l'exp~rience de Beliet et coil. a partir de5 hypoth -es pr, ccden-
teF montre toutefois que le m~canisme indiqu6 conduit iA des d~lais d'inflammation beaucoup

plus courts que ceux mesur~s par cps auteurs. L'4tude de Fensibilit4 indique que ces d~lais
sont tree sensibles L ia valeur de la conptante de vitexse de la r~action 57, r~action ra-

.two rement invoqu~e dane la iitt~rature:

OH3 + 110 2 %CH30+ OH

Pour que lee d&laiF calcul~s sojent du m~rne ordre de prandeur que les d~lpip ex-

p~rimentaux, nous avons da attribuer A cette con-tante de vitesse une valeur difffrente de
celle utilis~e par Westbrook (k1~7 = 3,2. jQIJ crnl.mol-l. s-1).

* Compto tenu de cot ensemble de modifications, la comparaison entre lee profilp
caicui~ft et lee profils exptrimentaux est illu!str~e par les figures 1, 2 et 6.

B.2 Oxydation du propanet

Le mecanisme propos6 ant~rieurement pour lee reaction- du propane Pt des radicaux

0)07 est rest6 inchang4 (r~actions 84 A 104 ). Maig le m~canisme d'oxydation du propbne uti-
* lisp et celui propoe par Warnat7 (17). qur les figures 3 et 4, on peut comparer le,- pro-

file de concentration calcultis i partir du m~canisme du tableau I et lee profile exp~rimen-



tatix obtenus danF notre reacteur.

Fur la firure 7, nous avonF confront6 les r~sultatr exp~rimentaux obtenus par

liellet ot coll. au cou:'
5 

de l'6tudp do la comrbustion d'un m~langp propane-6thyli-np 101
avec les resultats delasimulation.

Enfin, le tableau 2 pormot la comparaison entre leF d~lais d'inflammation obtenu-
en tube i choc par hurcat et al. (20) pour des m~lang-eF propanp-oxyri'ne de richeFses diffL;-
renteset les d~'ais calcuI~s. Le delai d'inflammation calcuI6 est ici d6fini rommo le temps
d'atteinte du maximum do concentration de Off. A quelques exceptions pri-F, Its dc~1ai" ral1cu-
16 sont tres voisins doc d6lais exp~rimentaux, quelle que soit la riches"e du me-lange.

CONCLUSION

Los ro'sultats qui viennent d'~tre pr~sent~s ont permis de progre~ser danF la con-
nai Fance fie la cine tique d6taille d'oxydation du propane et do l'6thyli-ne et le m~canisme
propoF4 refliete correctement les observations effectu~es dan~z des conditions exp~rimentpleF
v ar i ec

11 ne faut toutefoiF pas meconnaltre qu'un tel m6canisme ne peut ;tre utiliF6
Fous sa formo int~grale pour mod~Iiser les chambres de combustion. Une chambre peut Atre
en effet concid~r~e comme un assemblage de foyers homog ,nes, au spin desquels il est neces-
5aire d'envisalrer un couplage entre los ph~nomeneF chimiques et los ph~nom~neF de trans-
port. A cot effet, la simplification du m&~canisme s'av -re indispensable.

Les 6tudes de 5ensibilit6 quo nous avons entreprises ont dji permis d'appr~cier
l' importance du r~le jou6 par cortaines r~actions 414mentaireF vis-a-vis de la morphologip
des ph~nom~ nes observ6F. En outre, la possibilit6 que nous avons do comparer entre elles
los vitesse" des diff~rentos ,6tapps participant au m6canismela chaque instant do 1'6volu-
tion r6actionnelle,est un moyen de s~lection des 4tapes L retenir pour is repr~sentatin
d'un ph~nom~ne exp~rimental donn6.

C'est dansce sons que nous orientons actuellement notro d6marche. Notre objectif
do simplification devrait Atre atteint court terme et fournir ainsi aux motorister une
base de travail mioux adapt~e a la mod~lisation de Is combustion dans lea foyers de turbo-
r~acteurs.
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Tableau 1: M1cani~me d'oxydation du propane

Constantes de vitesse sous la forme: k A.T n.exp(-l, Hr)

Unit6s: cm , mole, F, kcal

n. i6action A. n E kef

1 C02 0 -) CO 02 2.7E+12 0.0 43.8 1
2 CO H02 -) C02 OH 1.5E+14 0.0 23.6 V,
3 Co 0 INER -) C02 INER 2.4E+15 0.0 4.3 lb
4 CO OH -) C02 H 1.5E+07 1.3 -.9 Ib
5 H2 INER -) H H INER 2.2E+14 0.0 96.0 lb

6 H H02 -) H2 02 2.5E+13 0.0 .7 It
7 H H02 -) OH OH 2.5E+14 0.0 1.9 lbi
8 H OH IHER m H20 INER 1.4E+23 -2.0 0.0 lbt
9 0 H2 -) OH H 1.8E+10 1.0 8.9 Ib
10 H02 H02 ->H202 02 1.OE+13 0.0 1.0 I
11 OH OH IHER ->H202 INER 9.1E+14 0.0 -5.1 1P
12 H 02 IHER -) H02 INER 1.5E+15 0.0 -1.0 1b
i3 H 02 -) OH 0 2.2E+14 0.0 16.8 18
14 C2H4 02 ->C2H3 H02 4.0E+13 0.0 61.5 lb
15 C2H4 INER ->C2H2 H2 INER 9.3E+16 0.0 77.2 l8
16 C2H4 INER ->C2H3 H INER 6.3E+18 0.0 108.7 1
17 C2H4 C2H4 -)C2H5 C2H3 5.OE+14 0.0 64.7 I1
18 C2H4 OH -)C2H3 H20 4.8E+1I 0.0 1.2
19 C2H4 OH -> CH3 CH20 2.OE+12 0.0 1.0 18
20 C2H4 0 ->CH20 CH2 2.5E+13 0.0 5.0 lb
21 C2H4 0 -> CH3 HCO 3.3E+12 0.0 1.1 lb
22 C2H4 H ->C2H3 H2 1.5E+07 2.0 6.0 1

23 C2H6 OH -)C2H5 H20 1.1E+13 0.0 2.4 18
24 C2H6 0 ->C2HS OH 2.5E+13 0.0 6.4 lk
25 C2H6 H ->C2H5 H2 5.3E+02 3.5 5.2 18
26 C2H6 CH3 ->C2H5 CH4 5.5E-01 4.0 8.3 L8
27 C2H6 -> CH3 CH3 2.2E+19 -1.0 88.4 1b
28 C2H5 INER -)C2H4 H INER 2.OE+15 0.0 30.0 18
29 C2HS 02 ->C2H4 H02 1.OE+12 0.0 5.0 1,
30 C2H3 INER ->C2H2 H IHER 7.9E+14 0.0 31.5 l8
31 C2H3 02 ->C2H2 H02 1.0E+11 0.0 10.0
32 C2H2 02 -> HCO HCO 4.OE+12 8.0 28.0 I
33 C2H2 INER -> C2H H INER 1.OE+14 0.0 114.0 Ib

34 C2H2 OH -> C2H H20 6.3E+12 0.0 7.0 18
35 C2H2 OH -> CH3 CO 1.2E+12 0.0 .5 1b
36 C2H2 H -> C2H H2 2.OE+14 0.0 19.0 IN
37 C2H2 0 -> CH2 CO 2.2E+10 1.0 2.6 21
38 C2H2 0 -> C2H OH 3.OE+15 -.6 17.0 IR
39 C2H 02 -> HCO CO 1.OE+13 0.0 7.0 18
40 CH2 02 m> HCO OH 1.OE+14 0.0 3.7 21
41 CH2 02 -> C02 H2 6.9E+11 0.0 .5 21
42 CH2 02 -> C02 H H 1.6E+12 0.0 1.0 21
43 CH2 02 -> CO H20 1.9E+10 0.0 -1.0 21
44 CH2 02 -> CO OH H 8.7E+10 0.0 -.5 21
45 C2H 0 -, CO CH 5.OE+13 0.0 0.0 18
46 ( 12 0 -) CH OH I.9E+II .7 25.0 lI
47 (-2 H -. CH H2 2.7E+ll .7 25.7 l8

48 CH2 OH -) CH H20 2.7E+l1 .7 25.7 lb
49 CH 02 -> CO OH I.3E+1l .7 25.7 1b

lt 50 CH 02 -> HCO 0 1.OE+13 0.0 0.0 18
51 CH4 IHER -) CH3 H INER 1.4E+17 0.0 88.4 IN
52 CH4 OH -) CH3 H20 3.5E+03 3.1 2.0 lb
53 CH4 H => CH3 H2 1.3E+14 0.0 11.9 lA
54 CH4 0 -> CH3 OH 1.6E+13 0.0 9.2 lb
55 CH4 H02 -> CH3 H202 2.OE 13 0.0 18.0 lb
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Tableau I (suite)

n k6action A n £ Hef

56 CH3 02 -)CH30 0 4.8E+13 0.0 29.0 18
57 CH3 H02 =.>CH30 OH 1.6E+12 0.0 0.0 f
58 CH3 H02 -:, CH4 02 1.0E+12 0.0 .4 18
59 CH3 OH a:,CH20 H2 4.0E+12 0.0 6.0 18
60 CH3 0 =7>CH20 H 1.3E+14 0.0 2.0 18

61 CH3 HCO => CH4 CO 3.0E+11 .5 0.0 it,
62 CH20 ITHER HCO H INER 3.3E+16 0.0 81.0 I

6:3 CH20 OH *) HCO H20 7.6E+12 0.0 .2 18
64 CH20 H -) HCO H2 3.3E+14 0.0 10.5 18

65 CH20 H02 =) HCO H202 1.0E+12 0.0 8.0 Ii
66 CH20 0 =) HCO OH 5.OE+13 0.0 4.6 l1

67 CH20 OH3 =) HCO CH4 1.0E+10 .5 6.0 18
68 CH30 INER =>CH20 H INER 5.0E+13 0.0 21.0 18
69 CH30 02 =>CH20 H02 I.OE+12 0.0 6.0 18

70 HCO 02 => CO H02 3.2E+12 0.0 7.0 18
71 HCO INER .> H CO INER 1.4E+14 0.0 19.0 18

72 HCO OH -> CO H20 1.0E+14 0.0 0.0 18
73 HCO H -> CO H2 2.8E+14 0.0 0.0 18

74 HCO 0 => CO OH I.OE+14 0.0 0.0 I
75 HCO H02 =>CH20 02 1.0E+14 0.0 3.0 18
76 H202 OH -> H20 H02 1.0E+13 0.0 1.8 18
77 H202 H -> H2 H02 1.7E+12 0.0 3.6 18
78 H2 OH => H20 H 2.2E+13 0.0 5.1 18
79 H20 0 a> OH OH 6.8E+13 0.0 18.4 18

80 H02 OH -> H20 02 5.0E+13 0.0 1.0 18
81 H02 0 -> OH 02 5.0E+13 0.0 1.0 1&

82 02 INER -> 0 0 INER 5.1E+15 0.0 115.0 I
83 0 H INER -> OH INER 1.0E+16 0.0 0.8 18
84 C3H8 ->C2H5 CH3 4.0E+16 0.0 84.5 22
85 C3H8 02 ->N3H7 H02 4.0E+13 0.0 47.5 2)
86 C3H8 02 ->13H7 H02 4.0E+13 0.8 47.5 23
e7 C3H8 C2H5 >N3HT C2H6 I.OE+1 1 0. 13.4 22
88 C3H8 C2H5 ->13H7 C2H6 5.0E+10 0.0 10.4 22
89 C3H8 CH3 ->N3H7 CH4 2.9E+12 0.0 11.7 23
90 C3HO CH3 ->13H7 CH4 6.6E+11 0.0 10.1 23
91 C3H8 H >N3H7 H2 1.3E+14 0.0 9.7 22
92 C3H8 H ->13H7 H2 1.0E+14 0.0 8.3 22
93 C3H8 OH ->N3H7 H20 3.7E+12 0.0 1.6 23
94 C3H8 OH ->13H7 H20 2.8E+12 0.0 .9 23
95 C3H8 0 =>N3H7 OH 3.0E+13 0.0 5.8 23

96 C3H8 0 ->13H7 OH 2.6E+13 0.0 4.5 23
97 C3H8 H02 ->N3H7 H202 2.9E+11 0.0 14.9 24
90 C3H8 H02 ->13H7 H202 9.8E+10 0.0 12.6 24
99 N3H7 -)C2H4 CH3 1.6E+13 0.0 32.0 22
100 13H7 ->C2H4 CH3 I.OE+12 0.0 34.5 25
101 N3H7 ->C3H6 H 2.0E+13 0.0 38.4 26
102 13H7 ->C3H6 H 4.0E+13 0.0 40.3 22
103 H3H7 02 ->C3H6 H02 1.6E+12 0.0 5.8 9
104 13H7 02 ->C3H6 H02 7.3E+12 0.0 5.8 9
105 C3H6 C2H5 ->C3H5 C2H6 I.0E+11 0.0 9.2 26
106 C3H6 OH ->MCHO CH3 7.0E+12 0.0 0.0 17
107 C3H6 OH -)C3H5 H20 8.0E+12 0.0 0.0 27
108 C3H6 H *>C3H5 H2 I.0E+14 0.0 3.8 22
109 C3H6 0 -)C2H5 HCO 1.5E+12 0.0 0.0 28
110 C2H3 H ->C2H2 H2 2.0E+13 0.0 2.5 18
111 MCHO H *> MCO H2 4.8E+13 0.0 4.2 17
112 MCHO 0 a> MCO OH 5.0E+12 0.0 1.8 17
113 MCHO OH -> McO H20 1.0E+13 0.0 0.0 17
114 MCO INER -> CH3 CO INEK 1.0E+15 0.0 9.4 17

SH 7 = 7 37 3 7 *voir texte
MCHO CI3CHO MCO = CII3CO
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Comparai~on tontre te'- dc'J1i. d'inflammation
mesur1s en tube $i choc (ref. 2(4o et ca IculcsF
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4. RIG AND ENGINE DEVELOPMENT

The definition of the combustor now in airline service i the result of an extensive rig and engine
test programme lasting a number of years. Rig testing has taken various forms viz:

(i) Water analogy tests - These have been used to visualise flow patterns within full size
transparent (Perspex) model combustors. This technique was particularly useful in the early
development of the curved vane swirler.

(ii) Airflow tests - Full scale single sector tests, used to confirm calculated predictions of
combustor pressure loss and to determine aerodynamic effects in the annuli, have been
supplemented by smaller scale airflow testing on all of the major individual combustor components
including the Transply.

(iii) Atmospheric pressure tests - Single sector teting at atmospheric pressure has been used for
flame observation in screening various modifications. This qualitative approach has proved
useful and is now being supplemented by a quantitative method. Here gas sampling traverses
are carried out at various planes within the combustor leading to contour plots of fuel air
ratio, unburnt hydrocarbons and carbon monoxide. It is expected that this technique will
lead to further improvements to future standards of the combustor. Tests to determine the
basic ignition performance of the combustor are also carried out at atmospheric pressure.

(iv) High pressure single sector tests - facilities for this ty-pe of testing (see Figure 8) extend
across the whole range of engine operating conditions enabling the following combustor
parameters to be determined:-

o Emissions measurement - Combustion efficiency is normally measured at 7% thrust conditions
for comparison with the lowest of the EPA/ICA0 mode points. Gas samples are transported
via heated lines to a mobile laboratory where concentrations of carbon monoxide, unburnt
hydrocarbons and carbon dioxide are measured. The heated line sample transport system
and the laboratory conform to the requirements of Ref. 1. Good agreement has been obtained
between rig measured results and measurements taken on engine tests. Measurements of
smoke and oxides of nitrogen are made using the same basic set-up at maximum take-off
conditions. Gas samples for rig smoke reasuremcnt are taken directly from the hot gas

-* stream, i.e. without dilution by the bypass stream. A good correlation between rig and
engine test results has been established once an allowance is made for the bypass ratio.

o Pattern factor - the combustor outlet temperature pattern factor is normally measured at
maximum take-off conditions using a single thermocouple probe to produce a 72 point
measurement array.

o Metal temperature - thermal paints are used to assess the effec
+
.on wall temperatures of all

modifications to combustors. Direct measurement of metal wall temperature using embedded
thermocouples has also been carried out. This technique enables measurements to be taken
over a range of conditions both inside and outside the engine operating envelope.

(v) Sub Atmospheric Tests - a- itude ignition and light-round performance has been assessed using
a triple sector (i.e. 3 interconnected combustors) rig which runs at simulated altitude
windmilling conditions.

I-f
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5. TRANSPiY r COMBUSTOR

The first fully viable Spey a1] Transply combustor, Transply I, is illustrated diawramatically in
Figure ). The design had its origins both in research work carried out o: earlier Sley sized
Transr~ly combustors and in the theoretical studies described in Section 2. The requirement that the
r'w combustor should be a direct replacement for the existing standard determined the design of features
such as method of location. The standard discharge nozzle, cooled by splash strips ald the existing
duple fuel spray nozzles were retained. Novel features of Transply I were:

(a) A 20 vane aerodynamic curved vane swirler with 45W vane angle. The number of vanes and the vane
angle were based on an empirical study into the effect of these parameters on pollutant formation.

(b) Z Cooling rings at the point where the Trrazszly barrel was joined to the head and to the dcwo.'stream
sheet metal section. The filming characterstics of Transply, Fef.4, showed the need for a starter
film device and for a means of cooling sheet netal components immediately downstream of the

Transply barrel.

(c) Transply for the hemispherical head and cylindrical barrel, chosen to minimise air requirements

whilst maintaining adequate cooling performance. The configuration and porosity of the Transply
required was determined from data obtained as part of the Transply material evaluation programme.

(d) Plunged secondary and dilution holes and plain intermediate zone holes sized to obtain the optimum
zonal fuel air ratio distribution discussed in Section 2. A new technique of hole plunging was
developed specifically for use with Transply.

The dezir i was further finessed during a development prograsse using the single, _ector FT test rig.

The mnai. -hievements of the programme being in emissions improvements brought about by 'fine-tuning'
of the zonal fuel air ratios.

Full HP rig evaluation of the combustor performance showed substantial improvements in both gaseous
-,i~sois and smoke, compared to the conventional combtr. The nut e t. npentrpre pattern factor

-- and 'ea level igrition characteristics were also superior to those of the standard combustor. Results
frm a rig thermal-paint test at maximum take-off condition (Figure 10) show. he TrT.rI-ly head t- le
at an ac.eptable ,emperature except where the Transply is welded to the first section of the
Z cooling ring. The barrel showed substantial areas of over-heat, most severe downstream of plunged
secondary and dilution holes, along the axial weld and around the downstream Z cooling ring.

Engine test results largely confirmed the rig results, the emissions performance (Figure 11) meeting

the proposed smoke limit and making substantial progress towards meeting proposed limits on carbon
monoxide and unburnt hydrocarbons. A 50 hour cyclic endurance test produced the result illustrated
in Figure 12. The thermal fatigue cracks on the combustor could be correlated with hot areas shown
up by thermal paint.
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6. TRAJISFr.Y 11 COMBUSTOR

The redesig-ned all Transply combustor, designatEd Transply Ii, is shown in Figure 13. The aim was
-04 maintain the zonal stoichinmetry of Transply 1, so the secondlary and di171 ion hole pntternc were

r7taine71. However,* the fol lowinp, design changes were made:

70. 7he 7171 vnr7 )5' 27irved vane swirler wao retained but rede:-igrd to boe more suitable fin:

production 1bns:7e o n experience gained in putting7 a combustor fitted with a curve-- vane

swirler into Iroluetion in 1979 in the Speoy Mk 511-S engirne.

7 i The Trannply us-c, for the combustor hieal was changed to a later standard having the same

porosit~y aind fi ining, characteristics bu, improved internal heat transfer properties.

0 The barrel Transply was changed to a grade with 505 increased porosity anld impiroved

internal heat transfer. The porosity increase was considered to bc, the only means ,f
achieving the desired metal temperatures in the combustor barrel. The requ-iredC increase it,

porosity was determined from the experimentally measured cooling effectiveness - versus mass

flow characteristic of Tratnsply.



'7he ji 'utiol hole. 1 oIngiv wa7, q:- d eted ani th Trarsy Iy svction extended downs tre am for the
full barrel length. The .ipstream. 11c ln ring was replaced by one of improved design.

The Transply I I combustcr underwent an, intenslive rig aind engine de'velor-mert programme
which led to, the following modificatiors:

Wi Optimisation of swirler and upstream coo(ling ring flows to improve grround idle combustion
efficiency. The effective areF. of those devices was found to be very imcrjt r its
effect on emissions production and conventioral inspection techniques were found to be
inadequate to achieve the desired control. This led to the design of test rigs to measure
airflows in both development and subsequently, production combustors. The porosity of the
Transply material is also checked, both in sheet form and once formed intc finished cumuustors.

(ii) Modifications to the dilution system to achieve the required level of pressure s.

The combustor resulting from the development excercise has been designated Transply 11B. Thermal
paint results for Transply lIB are presented in Figure 14 which shows the significanrt improvements
gained over the Transply I results. Figure 15 compares; the Trarisply -1B metal tem;peratures with
those of the conventional combustor.

Rig aid engine measured performance parameters for the I TB combustor are tatulated teol Sw and
illustrated in Figure 16.

TABLE 11

TRANEPLY IE PERFORMANBCE

7 %/ idte Radial Temperature
Combustion Smoke Pattern Profile % @ Turbine
Efficiency ()SAE Factor % Blade Height

ENGINE (5 tests)

Mean 97.79 18.6 36.6 13.2 50

Range 97.61-97.96 12.1-21, --

RIG (7 tests)

Mean 98.00 23.0 28.6 9.8 52

Range 97.6-9B.45 18.0-25.0 23.5-32.8 8.-16@5o

Plunged secondary Plain tertiary

Curved vane hlsoesExisting film cooled
swirler Trimmer discharge nozzle

head Revied colinhbael

Tran.p3 Trasply I obso
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crt'h Engire Tests

A se't : ' Transply IIB combustors, reworked from an earlier standard, has completed two successive
1',- hours modification approval tests and a 100 hours (1000 cycles) cyclic endurance test These
tests were sarried out at a turbine entry temperature of 1440K compared to a normal in-service maximum
of' I-)K. The combustors had some thermal fatigue cracking in the barrel and head, the cracks in tne
barre! being in an area possibly distressed during re-work. Part of this set is being subjected tc
further engine running tc determine the crack propagation characteristics of the combustor.
Evide, nc, so far indicates that. cracks propagate steadily with no sudden failure. The dcwnstrteam
turbine components if the engine were in better condition following the above tests than would be tie
case with conventional combustors.

In order to fully assess the rigour of the types of endurance testing to which the combus;tor ha.s b.et:
subjected, since the rich p;rimary zone might be expected to reach its maximum temperature below
take-off conditions, a parametric metal temperature study was carried out. This cens;i.ted cf es.beddi:,;

4i therriocouples into the Trausply hot-side laminate and continuously monitoring! te ,perature, cv-s r
range of rig operating conditions extending from ground idle to beyond maximu. take-off. C<nli- ioT's,
par-ticularly fuel air ratio, extending outside the normal engine running range were also included. T
results showed a monotonic relationship between engine power setting and metal tesyeritsre:, thus
indicating that the engine bench development experience will highlight the likely servic

, 
probl,.m.

Service Evaluation

The durability of Transply in an airline service environment has been asse makit r use )f the
Transply Intermediate Zone (TIZ) combustor. This sombustor, Figure 17, consists of a Spey Mk 51-
flametube head as far as the rear of the second wiggle strip where a Transply barrel is attached with
a seam weld. The barrel which also incorporates an axial weld is butt welded to the discharge nozzle
mounting ring.

The tertiary dilution hole pattern is scaled to the Spey Mk 512 standard to maintain the same overall
pressure loss and outlet temperature profile.

Four TIZ combustors combined with six standard 3pey Mk 512 combustors were fitted to each of 6 engines
4and introduced into service as below:

Operator Engine No. Total Hours

British Calejonian Spey 7701 3071

British Caledonian Spey 7795 3001

Monarch Spey 7728 2450

Dan Air Spey 7730 3093

British Airways Spey 4754 34OO

British Airways Spey 7518 400
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CONCLUS IONS

0 The difficult task of reducing emission levels from the highly loaded Spey combustor, whilst
mai:,.aining acceptable performance in other combustor parameters, has been achieved by using
Transrly. In fact, the ignition performance of the combustor has been enhanced relative

- 4igglestrip standard.

o r ranply IIB combustor, currently in service in the F28 aircraft, complies with the
ICAO'EPA smoke limits and procedures. The (IHC emissions have been reduced by a factor of 20
relative to the datum wigglestrip combustor.

o An engii., test on a modified version of Transply IIB combustor has demonstrated full UHC,
CO, NOx nd Sroke compliance with the 1986 ICAO limits. It is currently being developed
for full engineering clearance

o As a result of the above achievements the Transply combustor, which will comply fully with
the emission targets, has been chosen for the recently announced Rolls-Royce Tay engine.
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DISCUSSION

D.Hennecke
(1) In Figure 15 you show a remarkably uniform wall temperature of the Transply combustor. Was this achieved

by metering the local cooling flow through the Transply according to the local heat load from the flame?
(2) In your introduction you mentioned that you also considered the economics of the new combustor. How

does the cost of the Transply combustor compare to the cost of the wigglestrip combustor?

Author's Reply
(1) The current standard of combustor uses two grades of Transply, one in the head and one in the barrel. Each

of these grades is homogeneous. Some development work has been done using graded (i.e. non-homogeneous)
flow Transply in both head and barrel. The results of this were very good but the technique increases the
manufacturing complexity since specific areas from a graded Transply sheet have to be selected for a particular
component.

(2) The Transply combustor is simpler to fabricate than the wigglestrip design. This leads to a reduction in
fabrication costs, but this is offset both by the high cost of producing Transply and by the costs of stringent
and novel methods of quality control. The overall effect is to make the Transply combustor more expensive
by some 10-15 percent.

J.Monfibert, Fr
Est-ce que cette chambre de combustion est plus 16gare que la pr6c6dente? Quelles sont les possibilitis de
reparation?

Author's Reply
Yes, it is a little lighter. There are some possibilities of repairing this type of combustor. I have mentioned a
development combustor for which we changed the combustor head. We are now looking into repair in some detail.

4

* j
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ADVANCED COMBUSTOR LINER COOLING CONCEPTS
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SUMMARY

.-- Small gas turbine liner cooling is especially difficult due to the low combustor air
flow and relatively large flame tube areas. Therefore, it is desirable to increase the
cooling potential of the cooling air by application of combined convective-film cooling.
Its advantage must be balanced carefully against the disadvantage of increased weight
and production cost.

The large number of variable parameters of a combined cooling configuration requires
a computer model which allows the simulation of different cooling approaches. 2er th-' -
verification of this, model tests with various configurations were conducted in a 2D-
cooling rig.

Good agreement between measured and calculated liner temperatures could be achieved.
Thus, the model is suitable to show under which conditions a marked decrease of wall
temperature can be reached compared with the case of straight film cooling under the
same conditions.

SYMBOLS

C/H - carbon/hydrogen ratio by weight
L - Luminosity factor
P bar pressure
T K temperature
W m/s velocity
x mm distance
Indices

an annulus
C cooling air
F film
FT flame tube
G hot gas
Su not film cooled surface
Sad adiabatic surface
2D test model conditions
4 combustor outlet

1. INTRODUCTION

The quest for gas turbine engines with higher thrust-to-weight ratio and lower speci-
fic fuel consumption entails increasing turbine entry temperatures and pressure ratios.
In accordance with Ref. 1 the pressure ratios in the 1000 kW engine bracket are expected
to grow from a present 12 to 20, and the turbine entry temperatures from 1400 K to 1600 K
and over. For combustion chamber applications, this means that the temperature of the
hot gases, as well as that of the compressor air used for cooling purposes, is bound to
grow. Accordingly, wall temperatures will rise unless inhibited by a higher allotment of
cooling air or by an improved cooling method doing a more effective job. The relation-
ship will become apparent from Fig. 1, where the effects of pressure ratio and turbine
entry temperature have been combined in accordance with Ref. 2 into a parameter plotted
on the abscissa, while the ordinate represents the cooling air requirement for the re-
spective flame tube surface area. The shape of the curve qualitatively reflects the
relationship between these two quantities for straight film cooling. Below the shaded
area is the region in which the flame tube walls are undercooled, and above it they are
overheated.

The engine points on the graph were determined on the assumption that 60 % of the
combustion chamber air is allotted to wall cooling and that 1270 K is the maximum allow-
able wall temperature. At these conditions the combustion chambers of large engines
like the CF6-50 and PWA 2037 are just about undercooled, so that the cooling air flow
could safely be reduced or the cooling method be less effective.

Not so with small engines, where at a pressure ratio of 13 and a turbine entry tempe-
rature of 1550 K, a fully 60 % share of the cooling air supply is not enough to cool
the flame tube. The patently different cooling requirements of small versus large engines
is explained by differences in construction. With small engines, coming with a centri-
fugal-flow final compressor stage as they generally do, the preference is for reverse-
flow annular combustion chambers, which mate up well with the centrifugal-flow compressor.
While this gives an advantageously short, compact construction to the engine, for which
see Fig. 2, it makes the surface of the combustion chamber unproportionately large, be-
cause of its location above the turbine. Add to this the deflector elbow, which devi-
ates the combustion games to the turbine through an angle of 180* and equally requires
cooling. All of which puts much more emphasis on combustor cooling problems than is
standard in big-engine work. " --

I ~
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For the small engines, therefore, more effective cooling methods to give more
cooling power for the same if not reduced cooling air input is called for. This greater
cooling effectiveness can be achieved by preceding film cooling with convective outer
surface cooling for improved utilisation of the cooling capacity of the air. Fig. 3
illustrates various approaches to convective outer surface cooling, which may be of the
impingement or the convection duct type.

For both cooling methods, there exists a large number of parameters with which to
affect cooling. In impingement cooling this would be, mainly, the pattern and size of
impingement holes, the depth of duct, and selective allocation of the impingement and
film cooling shares of the total pressure loss of the cooling figuration. With the con-
vection duct, the depth of duct and the type and effective roughness of fitted items,
such as spoilers, fins, pimples and pins all play a part as well.

The cooling effect can in either case be controlled additionally by the manner in
which the flow is routed in convection and film cooling. As shown in Fig. 3 the flow
can be parallel, counterflow or parallel and counterflow combined.

As it will already have become apparent from the schematic arrangements of Fig. 3,
design feasibility is an important aspect to consider in the selection of a cooling
method. While this aspect is set aside in the present paper, it is nevertheless ad-
mitted that added complexity of design will as an immediate drawback entail cost and
weight penalties. Before contemplating the embodiment of cooling methods in hardware
designs, therefore, one should have proper proof that the total effectiveness of the
combined convection and film cooling methods will be clearly superior to that of straight
film cooling; otherwise, the effort would not be warranted.

Investigations into cooling configurations ina realistic combustion chamber environ-
ment are rather impracticable, owing to the high pressures and temperatures involved.
More moderate temperatures and ambient pressures substantially facilitate testing, but
are suspected to compromise results. For truly representative evidence, not only the
geometric similarity but also the pressure loss across the cooling configuration, the
Reynold's numbers inside and outside of the hot gas wall and finally the mass flow and
temperature ratios of hot gas to cooling film entry air would have to be kept constant.
This being an onerous job, an alternative approach is here attempted, where the results
obtained under test rig conditions are reproduced by means of a newly evolved compu-
tational procedure. The rig tests, accordingly, merely serve to verify the general vali-
dity of the computational procedure, and no attempt is made to assess the cooling method
on the strength of rig test evidence. Actual comparison of the relative merits of the
various cooling methods is then made by computation at small gas turbine level.

2. TESTS

2.1 Test Setup and Conditions

Fiq. 4 is a schematic arrangement of the rig setup used in testinq coolino effective-
ness. The respective test specimen separates the cooling air duct from the hot air duct
in the test section.

Having passed through an air heater, the heated air reaches the test section through
an insulated rectangular-section duct. A spoiler grid produces the intended degree of
turbulence in the hot air duct. In plane I on the sketch a probe can be traversed in
three directions.

The cooling air enters the secondary air duct from above. The respective setting I
for the cooling air to hot air duct pressure ratio allows cooling air to flow through
the test specimen and into the hot air duct. The air bypassing the test specimen issues
from the rig through a pipe line.

In the experiments designed to test the effectiveness of the cooling film the secon-
dary air duct was sealed off in the test specimen area by an insulation layer.

The tests were run at the following standard conditions:

TG = 873 K

Tc/TG - 0.4
WG  - 50 m/s

T 3%

Wn = 18 m/s (at tests without insulation)
400 an

2.2 Description of Test Specimens

Three different cooling methods were investigated:

- straight film cooling
- combined impingement / film cooling
- convection duct cooling

For each cooling method, two specimens were available (cf. Fig. 5). The film cooling
specimen- Fl and F2 are identical in construction except for the free flow area. The
test specimen Fl, which was designed to represent a configuration for a large-size com-
bustion chamber, has 3.6 times the flow area of test specime-. F2. The unconventional
form of the test specimens comes as a result of two considerationst One, the lip was to
be as short as possible, for which the additional length of pessage that was needed to] " W

..__ - ,"
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blend the discrete incoming jets into a film was obtained by deflection. Two, a configu-
ration of this type is suitable for producing combined impingement/film cooling, which
operates on the counterflow principle. As it will become apparent from Fig. 5 the test
specimens PFI and PF2 were produced simply by tack-welding perforated plates to the film
cooling specimens Fl and F2. The perforation of the plates is indicated in Tab. I.

The convection duct specimens KFI and KF2 are made of two cover plates separated by
a corrugated metal sheet forming cooling passages. For improved heat transfer, the metal
sheets either form off-set fins as with test specimen KFI, or are slotted as with test
specimen KF2.

2.3 Test Results

First, the flow characteristics of all test specimens were charted. Plotted in Fig.
6 is the reduced mass flow versus pressure loss. As it will readily become apparent the
test specimens Fl and PFI exhibit a considerably larger flow than F2 andPF2 . The cover
plates of the combined impingement/film cooling configuration were designed to have
about 25 % of the pressure loss caused by the impingement holes. Another 35 % of the
pressure loss was caused by the air dedicated to film cooling. The duct flow causes the
greatest pressure loss. The effective area of the film cooling holes varied with the
presence or absence of the cover plate, the C value improving when a cover plate was
tacked in place. Flow differences of similar Ragnitudes were noted also for test speci-
mens KFI and KF2. The test specimens with the large flows simulated combustion chamber
environments in large engines, while those with the small flows were typical of con-
ditions in the reverse-flow annular combustion chambers used in small gas turbine engines.

Fig. 7 shows the cooling film effectiveness of cooling film configurations Fl and
F2 versus the Odger Winter parameter, which in accordance with Ref. 3 represents a
correlation quantity permitting effectiveness to be evaluated at randomly selected con-
ditions. The cooling film effectiveness was evaluated in accordance with the following
equation:

--1F = TSu T Sad
T Su TC

where T is the temperature of the insulated specimen wall in the absence of film cool-
ing, an uTSa d is the temperature of the insulated wall with film cooling applied.

Obviously the results obtained with cooling film F1 can readily be correlated, while
for cooling film F2, the pressure loss makes itself clearly felt. It is suspected thatthe air flow diverted for cooling film F2 does not fully fill the film gap and that the

thickness of film varies with the pressure loss. This property remaining intact at ele-
vated pressures and temperatures, however, the results will also in that form be accept-
able for subsequent extrapolation to engine applications.

The Nusselt numbers in the duct of test specimens KFl and KF2 were first determined
separately in a special rig, with the results shown in Fig. 8. They are needed for compu-tational verification of the evidence obtained on the cooling test rig. The Nusselt number

of test specimen KFI is qreater than that of KF2 at the same Reynolds number over a wide
ranqe.

Fig. 9 shows typical readings taken on the test specimens PFl and KFl. In both cases,
thermal conduction effects were apparent. On test specimen KFl the cooling air forms a
film at the end of the duct and operates in the manner of film cooling. Combination of
film with convection cooling was deliberately omitted, because it was intended to first
isolate the detail effects. It is envisioned to couple the two effects together by com-
putation at a later date.

Comparison of the two cooling methods was not attempted. Conditions underlying the
respective measurements were too different for true comparison - the flow being much
higher for KFl but in the absence of the film cooling enjoyed by PFl. Yet the measure-
ments were not intended to support an assessment of the cooling methods. The intention
rather was to obtain readings suitable for comparison with computed values. The compu-
tational procedure used for the purpose is described below.

3. COMPUTATIONAL PROCEDURE

The computational procedure bases on a one-dimensional heat flow model as it is
illustrated in Fig. 10 by way of a control volume of the cooling configuration. On the
hot gas side, heat transfer is by radiation and convection, after which the heat is
conducted through the hot gas wall, with a thermally insulating layer being optionally
considered. In the convection duct the heat picked up by the air axially must be allowed
for, apart from the heat transfer between the gas and the wall. The heat transfer to the
secondary duct again is by conduction, convection and radiation.

The metal plate used in the construction of combustion chambers being rather thin,
axial thermal conduction was ignored.

3.1 Heat Transfer on the Hot Gas Side

Heat transfer on the hot gas side is by radiation and convection. To determine the
convection term, resort was made to the cooling film effectiveness measurements.

Turbulence in the combustion chamber flow can be considered in accordance with
Ref. 4 by the following statement:

,{["
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+ T2 D x
TiFT 100 M s

1 2D TFT x

100 M s

where M is the mass flow density ratio of cooling air to hot gas at the film entry, and
s is the depth of slot. On the 2-D-rig, a spoiler grid was used to maintain a turbulence
intensity of a constant 3 %. LDA measurements taken at the exit of a Larzac combustion
chamber (Ref. 5) indicate a turbulence intensity of 15 %. In accordance with Ref. 6,
however, the turbulence is assumed to be less in a reverse-flow annular combustion
chamber, owing to the lower reference speed. The value assumed for the reverse-flow
annular combustion chamber, therefore, was 9 %.

In hot gas radiation, a great amount of uncertainty exists regarding the luminosity
factor, which allows for augmentation of gas radiation by smoke particles. In accordance
with Ref. 3 the luminosity factor is formed as a function of fuel composition in accord-
ance with the following equation:

2.71
L = 0.0691 (C/H - 1.82)

This equation was used in the computation of hot gas radiation. The formulation for
the exchange of radiation between the gas and the wall was made in accordance with Ref. 7.

3.2 Heat Transfer in the Convection Duct

Heat transfer in the convection duct was determined for impingement cooling using
Nusselt numbers stated in Ref. 8. They base on measurements taken over a wide range of
jet Reynolds numbers. This effective range also covers the constellation encountered
with the combustion chamber.

If the convection duct would be finned, use could either be made of measured Nusselt
numbers, or the Nusselt numbers could be computed via the fin efficiency. Various fin
geometries, such as rectangular or triangular, could be selected.

The cooling air can be routed in the convection duct in either parallel or counterflow.

3.3 Heat Transfer to the Combustion Chamber Annulus

On the outside of the flame tube wall, heat transfer occurs by convection to the
combustion chamber secondary air and by radiation to the combustion chamber casing. $

Use was made of a duct relation to determine the heat transfer coefficient.

4. COMPARISON BETWEEN MEASUREMENT AND COMPUTATION AT MODEL TEST RIG CONDITIONS

Fig. 11 compares the wall temperatures in the presence of cooling films Fl and F2.
In both cases the test rig conditions described in Chapter 2 were maintained. Unlike
in earlier presentations of cooling film effectiveness the outer wall of the test speci-
mens was not insulated; the flow velocity in the secondary duct was 18 m/s.

Agreement of the test points with the computed curves is excellent over the entire
flow path tested.

Fig. 12 is a comparison between measurement and computation for the combined impinge-
ment/film cooling and the convective duct cooling methods.

In impingement/film cooling the deviation of the computed axial temperature variation
over the entire test section does not exceed 2.5 %. It is solely the last test point,
lying as it does in the impingement cooled section of the test specimen, which exhibits
a greater amount of deviation. This is attributable to axial heat conduction effects
ignored in the computation model.

In the case of convection cooling the measurement was made in the absence of film
cooling. The outside of the test specimen was insulated for maximum freedom from inter-
ference with the measurements. In this case, again, the only major deviation of the
computed from the measured results was at the edge of the test specimen, which is again
attributable to axial conduction effects. On balance the computational model makes
sufficiently accurate predictions of the temperature profile of the test specimen wall.

5. ASSESSMENT OF THE VARIOUS COOLING METHODS

5.1 Comparison at Test Rig Conditions

From the cooling aspect, comparison of the three cooling methods one with the other
is of special interest. This comparison is shown in Pig. 13, which illustrates the cool-
ing configurations P2, PP2 and XP2, with the amount of cooling air being the same for
all three. The test specimen KF2 had film cooling applied additionally, when it was
assumed that film cooling was caused by a preceding configuration identical to KP2. In
contrast with the previously shown configurations the cooling air flow is substantially

,N' 
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less and approximately corresponds to conditions encountered in the reverse-flow annular
combustion chamber of a small gas turbine.

At these conditions, impingement film cooling makes for no lower wall temperatures
than straight film cooling, for the reason that the film cooling effect, which is com-
promised by the heat imparted to the cooling air, cannot be overcompensated by the im-
proved external heat transfer. Conceivably, optimisation of the local pattern and size
of impingement holes and the depth of duct might lead to somewhat lower the temperature
and alleviate especially the axial temperature gradient; in the final analysis, however,
impingement cooling will - at 2D rig conditions simulating a small engine combustion
chamber - afford the advantage of a more homogeneous temperature distribution.

The highest wall temperatures were found for the convective duct/film cooling which
results from low heat transfer in the convection duct in combination with poor effec-
tiveness of the cooling film under test model conditions.

5.2 Comparison at Combustion Chamber Conditions

For definition of combustion chamber flow conditions, the type of combustion chamber
and the size of engine should be specified, considering that the amount of cooling air
available varies importantly with these boundary conditions. The present paper takes a
look at typical conditions in the combustion chamber area of a small engine. Fig. 14
shows the combustion chamber of this engine. The thermodynamic cycle conditions of this
combustion chamber are:

Pan = 13 bar

TC  = 667 K

M 4  = 3.2 kg/s

T 4  = 1550 K

Further important data entering into the wall temperature calculation are the local
flow and hot gas temperature conditions. These obviously vary with the axial position
along the combustion chamber. With reverse-flow combustion chambers, changes are especi-
ally drastic. Flow conditions may be prevailing on the outer liner, e.g., at which the
secondary flow moves in a direction counter that of the hot gas or film flow. For straight
film cooling, this may have notable impact on wall temperatures.

For the wall temperature calculation, the following significant quantities were se-
lected: wG  = lin/s

Ma = 0.038 Wan = 20 m/s

T =9%

For these conditions the computer model was used to determine the wall temperature
profile for the three different cooling methods, when a 3 % pressure loss was maintained
in all cases and the air flow through the configuration was a constant 4 %. In the case
of configuration KF2 these conditions can be established by using suitable perforations
at the inlet.

The result is shown in Fig. 15.

Straight film cooling makes for the highest wall temperatures and the steepest wall
temperature gradients when film and secondary air flows run in the same direction. This
cooling method would appear much more promising - in regard to both peak temperature
and temperature distribution - if the secondary flow is made to run counter the film, as
it is the case on the outer liner of the flame tube.

Compared with this constellation the combined impingement/film cooling method affords
no essential advantage, although admittedly the configuration used was, again, no opti-
mised solution, but rather the standard configuration of Tab. 1.

The combined convection duct/film cooling method is the most effective of the lot.
Compared with impingement cooling the maximum wall temperature was lowered by 100 K,
and compared with film cooling in counterflow, by 150 K. The effectiveness can still be
improved when use is made of the counterflow principle. This very much levels the tempe-
rature distribution and the temperature peak is again reduced.

The question surfaced whether or not the superiority of the convection/film cooling
method might be due to the failure to optimize the impingement/film configuration. It was
therefore attempted to improve the cooling effectiveness by varying the depth of duct,
the diameters, the number of impingement holes or the stagger of the rows of holes (see
Tab. 1). The results are shown in Fig. 16. While starting from the basic configuration
the above changes indeed improves the effectiveness, this amounted to relatively modest
reduction of some 30 K in the maximum temperature.

Conceivably the temperature could be made more uniform if impingement holes of various
diameters axially were used. Calculation was prevented, however, for the lack of Nusselt
relations for this case.

5.3 Potential Cooling Air Savings

From the practical combustion chamber development aspect the objective is not to use
improved cooling methods to lower wall temperatures below the level achieved with present
methods. Rather, it is attempted to achieve the same wall temperatures despite reductions



24-6

in the amount of cooling air expended. Fig. 17, therefore, shows how much cooling air
can be economised if combined convection/film cooling is used in comparison to straight
film cooling.

The comparison was made for the standard combustion chamber conditions previously
defined. The cooling air flow at film cooling was 4 % of the entire combustion chamber
air. At these conditions the combined convection/film cooling method required only
nearly one-half of the air being used in straight film cooling at parallel flow con-
ditions.

6. CONCLUSIONS

The use of combined cooling methods has its merits only where it clearly raises the
cooling effectiveness over straight film cooling. This effectiveness, therefore, first
needs analysing. Test rig measurements will provide no conclusive evidence, because it
is limited to a few configurations. Also, the rig testing effort becomes prohibitive
when it is attempted to test at actual combustion chamber conditions. Measurements taken
on the model test rig nevertheless show that as an immediate gain, no convincing ad-
vantages over straight film cooling can be achieved using combined cooling methods at
reduced conditions.

The test results, therefore, were essentially used to verify a computer procedure
developed to test the effectiveness of diverse cooling configurations and subsequently
extrapolate them to the conditions prevailing in a small reverse-flow annular combustion
chamber.

It was then seen that the convection duct/film cooling method gave the best effec-
tiveness by far.

A very important consideration in the assessment of the impingement/film cooling
method is what the local combustion chamber flow conditions are. If there exists a
strong flame tube outside flow in a direction counter the flame tube flow, as it is
often the case with reverse-flow annular combustion chambers, this combined method pro-
vides little if any advantage over straight film cooling. But if the outside flow is
moderate, as in the rear region of the inner liner, considerable advantages may result
over the straight film cooling method, because impingement cooling will provide the
convective outer flow that otherwise would be missing.

The use of combined convection/film cooling configurations is made difficult by the
high stresses set up between the two duct walls. The design effort required to take
care of these is considerable and involves cost and weight penalties. Ultimately, then,
use will be made of the cooling method that gives adequate cooling for the least invest-
ment. Judgement in the matter will rest on the existence of safe methods of forecasting
the wall temperatures.
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DISCUSSION

K.Colfin
(I ) What is the length of the film cooling specimens?

(2) Do you optimize this length for pressure drop?

(3) Have you a feeling about the cost penalties of the three film cooling schemes?

Author's Reply
(1) The length of the film cooling specimens was about 70 mm.

(2) In the case of the combined convective channel-film cooling configuration only a very low dependence of the
pressure drop on the length of the specimen was observed. The greatest contribution to pressure loss resulted
from a row of metering holes in the front of the configuration.

(3) Estimation of cost penalties of the combined methods is only possible if the difference of the cooling effective-
ness of all three methods is well known. To investigate the latter was the task of this paper. Cost problems
should be considered in connection with a practical application.

D.Snape, UK
Have you made any attempts to understand the fundamental processes of impingement type cooling, e.g. by main-
taining the effects of hole diameter pitch ratio? If so, do you have any indications of how impingement effective-
ness can be optimized?

Author's Reply
We tested some variations in hole diameters, pitch ratio and channel height. These investigations are given in the
paper but they are very limited. Optimal configurations should include the variation of the hole diameter in the
axial direction. Those configurations could not be calculated because of the lack of suitable heat transfer numbers.

P.Ramette, Fr
Avez vous fait une comparaison des contraintes thermiques dans les mat6riaux pour les trois types de refroidissemeni
que vous avez 6tudi6s?

Author's Reply
Not yet. We first wanted to know which cooling type gives the best effectiveness. This will be studied later.

1
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DEVELOPMENT OF TEMPERATURE-, VELOCITY- AND

CONCENTRATION-PROFILES IN A CURVED COMBUSTOR

by

S. Wittig, R. Kutz, B.E. Noll and K.-H. Platzer
Lehrstuhl und Institut for Thermische Str6mungsmaschinen

Universitgt Karlsruhe (TH)
Kaiserstr. 12, D-7500 Karlsruhe 1, West-Germany

SUMMARY

-The influence of bendsas found in reverse-flow combustors or in various stationary
gas turbines on the , 1w exiting the mixing zone is studied experimentally.

In a first approach, a duct with circular crossisection was chosen with a predeter-
mined temperature-, velocity- and concentration-pro~le exiting the primary zone of an
atmospheric burner. -ThYelocity profiles were measured in three planes (00, 450, 900)
and downstream of the benld using a five-hole spherical probe. Atsothe temperature and
pressure distribution as well as the concentration profiles%,particularly of C02,were
measured in the respective planes. It was found, that energy as well as species-transport
arises primarily from secondary flow phenomena combined with strong pressure gradients.
In a first attempt to clarify the various phenomena, the development ofE.ha>tatic pres-
sure and the temperature is calculated for two-dimensional flow using a finite difference
scheme utilizingjhe well-known k-e-turbulence model. It is shown that similar pressure
characteristics are obtained. Corresponding temperature profiles, however, result from
different sources.

LIST OF SYMBOLS

H duct height at inlet
iet kinetic energy of turbulence

p static pressure
p. ambient static pressure
R radius
Ttot total temperature

coordinate
Y coordinate
Z coordinate
C dissipation rate of turbulence

INTRODUCTION

In a variety of gas turbine combustor designs it is found that the hot gases exiting
the combustor have to be ducted through bends towards the first stage of the turbine.
This applies for silo-combustors of stationary gas turbines as well as to reverse-flow
combustors of small compact engines as found in helicopter application, for example. Due
to the increasing operating values of engine pressure and temperature, it is extremly im-
portant in designing the turbine to clarify the effect of bends on the temperature and
velocity profile of the flow exiting the combustor.

Up to now, the majority of studies concerned with similar problems were conducted
under incompressible, isothermal flow using primarily water. In a recent investigation,
Taylor et al. [9) report on velocity measurements in a 90 degree banded square-sectioned
duct with strong secondary motion and Reynolds numbers of 790 and 40.000 in water. They
indicate that partially parabolic techniques seem to be applicable in describing the flow.
In an associated earlier study,Humphrey et al. [3) analyze the turbulent flow in the same
duct and attempt a comparison with an elliptic finite difference scheme. Patankar et al.
L81 compare predicted total velocity contours in a 180 degree bend with experimental mea-
surements. They find a reduced accuracy in comparison with laminar flow predictions.
Moore and Moore L5] calculate the stagnation pressure losses in a rectangular elbow for
viscous compressible flow. The comparison with Stanitz' measurements shows relativelygood agreement. For turbomachinery applications,Fister et al. [2] report on theoretical
and experimental studies in reverse-bend channels of hydraulic turbomachines. Here,the
flow is assumed to be parabolic. It is obvious that under these conditions the complexity
of the measurements and calculations is drastically reduced in comparison to combustor
flow analysis. The information required from the designer, therefore, remains incomplete.
The present investigation is concerned with the flow characteristics in a 90 degree bend
under non-isothermal conditions. Primary emphasis was directed towards the influence of
a non-uniform temperature profile. Under considerations of immediate application,
90 degree bends with circular cross section were used in the experimental study. In order
to check the influence of secondary flows, initial calculations were directed towards the
numerical analysis of two-dimensional 90 degree bends.

. .,1
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EXPERIMENTAL

The hot gas tunnel and the test-section are shown in Figure 1. Hot flame gases from
an oil burner mixed with cold ambient air are used in generating a velocity- and tempera-
ture-profile entering cross-section I. The velocity profile, the temperature distribution
and the concentration of selected species are monitored in planes I, II, III and IV as
indicated. The mass-flow rate is determined by a throttling valve in front of an exhaust
fan of high capacity. It should be noted that any initial angular momentum of the flow is
suppressed by the inlet guide nozzle equipped with additional guide vanes. The main flow
velocity was approximately 20 m/sec in the duct of 200 mm ID and a bend radius of 290 mm.
As shown, the measurement planes I, II and III were at 00, 450 and 900 respectively,
whereas plane IV was located almost 1000 mm downstream from plane III. Average flow
Reynolds numbers were of the order of 2.105. As indicated earlier, the following parame-
ters were recorded:

1. static pressure
2. velocity vectors
3. temperature and
4. concentration (primarily C02).

Due to the relatively low temperatures, any secondary reactions can be excluded. It,
therefore, is possible to utilize the C02 -concentration generated by the burner as an
additional indicator for the transport phenomena.

Burnera 'WAir

Analyser

_L Q; _ T

II
TTY3 Voltmeterl

Fig. 1: Experimental facility

Specifically, as the flow in certain sections of the duct is of three-dimensional
character, a five-hole spherical miniature-probe was used. The probe has a diameter of
2.9 mm with pressure taps of 0.3 ma and was calibrated in a special calibration tunnel
for three-dimensional velocity and pressure analysis. All pressures are recorded via a
scanivalve equipped with a high accuracy pressure transducer and a data-acquisition system

.00" as shown in Figure 1. The main components of the system are the relay-multiplexer and
the digital-voltmeter which are controlled by a PDP 11/34 computer, providing an almost
online data reduction.

The temperature is recorded as usual using NiCr-Ni thermocouples. The data acquisi-
ltion chain is also shown in Figure 1. The concentration of CO2 - as well as of 02, CO,

NO and unburned hydrocarbons - was recorded in planes I, II, III and IV using an auto-
mated system. A simple suction probe, 1.5 mm OD, was applied. For C02 , an NDIR-type gas• analyzer was used.

_ _ _... ... ... _ _. .. .. .... _ _ _ _ _ __ _ _ __ L
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EXPERIMENTAL RESULTS

Table 1 summarizes the experiments. Four primary studies were of dominant interest:

1. As a first step, cold flow without mixing with hot gases was analyzed for
reference purposes.

2. A flow with an initially symmetrical temperature profile was generated and its
variations in the bend were recorded.

3. In contrast, an initial temperature profile with its maximum shifted towards
the outer radius of the bend and its development was observed.

4. A temperature profile with its maximum at an inner radius was used for
comparison.

It should be noted, however, that the velocity profiles were not identical under all four
conditions.

Table 1: Experimental Program

Quantity Measured Comments

Total Velocity TracerNo. Temp. Field Gas

1 - yes - Reference

2 yes yes - Symmetrical temperature profile

3 yes yes yes Temperature profile shifted towards
the outer radius

4 yes Temperature profile shifted towards
the inner radius

0

~Fig. 2: Measured velocity distribution

Typical profile developments are shown in Figure 2 where the velocity vectors in
planes I, II and III are presented for test No. 3, Table 1. The developing three-dimen-
sional character of the flow is obvious. In consulting Figure 3, the developing secondary I
flow is evident L1), starting with plane I where the X- and Z-components are still rela-
tively weak with increasing tendency up to plane III. It is shown that strong secondary
flows exist in the bend whereas in the straight exit duct a dampening effect is observed.
This seems to be in good agreement with expectations.

Fairly strong influence of the bend on the temperature profile development is obser-
ved as shown in Figure 4. It can be seen that a equilibrization of the ten erature occurs.
Similar behaviour is found for the CO concentration as shown in comparing Figures 4 and
5. A summary of the results provide Figures 6 through S. It is interesting to note that
for all properties a shift and even a reversal of the original profile develops. For exam-
ple, the maximum temperature at plane I is found at X/R of approximately 0.4. In passing
through the bndthis maximum is reduced considerably and finally the coldest part is at
larger radii with a drastic temperature increase at lower inner diameters. The concentra-

- - -- -- -. ,. = t
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Plane R 

Plane MU 
Plane 17

Fig. 3: Development of secondary flow in a 90-degree curved duct

0V
Fig. 4: Measured total temperature distributionD

Fig. 5: Measured traoergas distribution
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tion profiles behave analogous. It should be emphasized, however, that the data shown
are at the midspan.

Obviously, various effects are responsible for the energy and mass transport. First,
the developing strong pressure gradients have to be mentioned with the associated velo-
cities L5]. A major source are the secondary flows which serve to transport the heat and
species from the outer zones into the inner and central regions. The figures indicate
that strong mixing effects are connected. The higher density of the cold zones supports
a stabilization of the colder flow at the outer wall. It should be noted that the flow
observed is not of the potential vortex type. The relative importance of the temperature,
concentration and pressure gradient shift, therefore, is dependent on the initial condi-
tions. Qualitatively, similar characteristics are observed under all conditions studied.

600 { 2f

Plane Z/R =0 PIne ZIR 0

500 01
-,s n V

0000
0 ~000 

0
oP ov _ '>__so 0 ,C 0o
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Fig. 6: Measured total temperatures Fig. 7: Measured C02-concentrations
at planes I, II, III and IV at planes I, II, III and IV
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Fig. 8: Measured static pressures
at planes I, II, II and IV
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THEORETICAL ANALYSIS

In a first attempt to clarify the importance of the secondary flows on the heat and
mass transport, numerical calculations were performed for a purely two-dimensional chan-
nel. In addition, these calculational procedures can be used in analyzing reverse-flow
annular combustors. Due to its two-dimensional character, secondary flow phenomena are
avoided. In using a rectangular bend, however, recirculating flows are introduced.

The numerical procedure chosen for the description of the time-averaged equations
has been described by us at various occasions [I]. The equations for momentum and energy
as well as for the turbulence parameters k and z can be solved as shown by numerous other
groups L4, 7]. In general, the grid size chosen was 28 x 28 points with a small grid
spacing close to the inner and outer corners. As an outflow boundary condition, parabolic
flow was assumed. Due to separation and recirculation relatively small relaxation factors
had to be chosen. Still, neglecting relatively long computation times the equations can
be solved on a conventional mini-computer. Typically, 1500 iterations were necessary to
arrive at a solution.

Y/H

07S

Ohl

300 3so 40 [K] 40 S0o

Fig. 9: Inlet temperature profile

Fig. 10: Calculated velocity field

NUMERICAL RESULTS

A typical initial temperature profile employed is shown in Figure 9 and a characte-
ristic velocity distribution calculated for the channel is shown in Figure 10. In agree-
ment with earlier studies L6) it can be seen that two recirculation zones downstream of
the inner corner and in the outer corner region develop. This leads to a shift of theflow towards the outer wall. The resulting temperatures are illustrated in Figure 11.

In comparing the various cross-sectional areas, it is interesting to note that the
temperature maximum is reduced by a considerable amount (see planes I and IV in Figure
12). In plane II, the profile is only shown up to the channel width, i.e. the outer cor-
ner region has been omitted. Although the reduction of the temperature is similar to that
in the flow of the circular duct,an inversion is not observed (compare Figures 6 and 12).
This is quite understandable as predominantly recirculation is responsible for the tem-
perature distribution at the inner wall which is in contrast to the secondary flow pheno-
mena in the circular duct. On the other hand, the pressure distributions for both flows
is qualitatively of good agreement as illustrated by Figures 8 and 14. Despite pressure
gradients of similar magnitude and density gradients due to differences in temperatures
and pressures, the heat and mass transport in the purely two-dimensional case is not en-
hanced as with secondary flows. This is clearly shown in the present comparison.
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Fig. 12: Calculated total temperature

Fig. 11: Calculated isotherms at planes I, II, III and IV
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CONCLUSIONS

In comparing compressible, non-isothermal flows through a bend of circular cross-
section monitored experimentally with the flow through a two-dimensional bend it is
shown that secondary flow phenomena are of primary importance in the heat and mass trans-
port - it is temperature distribution and concentration profile - under circular pipe
flow conditions. It is observed that under both conditions the mixing of hot and cold
flow is enhanced. Under two-dimensional conditions the inner recirculation zone is of
primary importance. A non-uniform exit velocity profile is induced whereas the vortices
in a circular duct lead fairly soon to more uniform conditions. In both cases, however,
a strong influence of the bend on the property distribution is observed. Three-dimensio-
nal, elliptic calculations are required for the complete description of the temperature
and velocity profiles in circular ducts, whereas two-dimensional elliptic codes seem to
be helpful in analyzing annular combustor-type flows.
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DISCUSSION

F.Dupoirieux. Fr
Concernant le code de calcul numdrique, avez-vous 6valu6 la viscosit6 num~rique due A la discretisation spatiale, et
ne pensez-vous pas que les profils de pression statique obtenus sont affectts par la, viscosit6 num~rique?

Author's Reply
We made some experiments with different spacing; it did not seem to affect the results.

J.L.Monlibert. Fr
Vous avez fait une presentation tres d~taillde des 6coulements A I'int~rieur de tubes courbes. J'aimerais savoir
comment vous passez des tubes courbes aux chambres de combustion annulaires A flux invers6?

Author's Reply
In a reverse flow combustor you have strong three-dimensional effects with secondary flows. Our intention was to
find out what are the consequences of three-dimensional effects on the temperature profile. We made the applica-
tion for a bend with a circular crosssection, but we had not the time to do it for a reverse flow combustor.

t V
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SUMMARY

- An investigation Vrs- Xmade of the interaction
between multiple dilution Jets discharging from a
common annulus into hot combustion products. Gas
concentrations, mean and fluctuating gas
temperatures (using compensated fine wire
thermocouples) have been measured throughout the
mixing region for three dilution jet flow rates. A
parallel theoretical study of the same flows has
been conducted using the Rolls-Royce PACE computer
code; this is a finite difference program

- employing ak-E turbulence sub-model. The output
from this program has proved useful in visualizing
the flow and interpreting the experimental data.
Attention is drawn to the care needed when
comparing various types of experimental information
and apparently similar parameters output from
computer codes on a mass flow weighted basis.

INTRODUCTION

In order to achieve satisfactory exhaust temperature traverse quality, and to avoid
premature quenching of flame reaction, it is necessary to understand the interaction
between multiple dilution Jets and combustion products. Reported in the literature are a
number of experimental techniques that have been employed to visualise and interpret the
complex nature of such flows (1-7). Often such studies have with good reason been
concerned with simplified geometries, e.g. single Jets supplied with air via stub pipes
to ensure developed flow. The present study has employed a layout more representative of
that encountered in gas turbine practice, with multiple Jets fed from a common annulus.
Detailed gas analysis and thermocouple surveys have been undertaken for a range of three
dilution flows. In addition, for one dilution flow rate, very fine wire thermocouples
have been used in an attempt to gain information about the turbulence structure
generated between the two streams.

In recent years an alternative approach to the visualisation and understanding of complex
reacting flows has been made possible by major improvements in computer modelling(8).
The work currently reported is in fact part of a long term collaborative programme
between Rolls-Royce and Leeds University directed towards the step by step validation and
improvement of a computer model suitable for gas turbine combustors. A preliminary
boundary conditions for the model and established an encouraging degree of confidence in

the model's ability to generate a realistic flowfield under isothermal conditions. The
present study concerns an intermediate stage where for a similar geometry the Jets
impinge into a flow of hot combustion products. This particular experiment was designed
to avoid chemical reaction between the combustion products and the incoming Jets.

EXPERIMENTAL APPARATUS

(a) Combustor and Mixing Section

The apparatus used in the experiments, shown diagrammatically in Fig. 1, comprised
three main elements; primary zone, plain ducting and mixing section. The primary zone was
of conventional design, similar to that used by Noyce (11). It consisted of combustor
head of conical internal geometry, incorporating a nine vane swirler to promote

- stability, and a 162.5mm length of 175mm internal diameter flametube. Punched into the
flametuba were sixteen equi-spaced primary ports of 15.9mm diameter. In this sone
combustion products were generated by the lean burning of propane vapour and air.
Throughout the work reported, air was supplied to the primary sons at atmospheric
pressure and a temperature of 325K by a centrifugal blower at a mass rate of flow of
0.35kg/s. A propane vapour flowrate of A.25g/s was adopted in all tests; the resultant
primary %one equivalence ratio was 0.19. The fuel0 was injected via a noztle with eightSequi-splced holes of 2mm diameter on a cone of 100 included angle, at a pressure of34 5k i/e.

The 330mm length of 175as diameter plain ducring which followed the primary sane was
designed to allow thorough mixing of the products in order to achieve a uniform stream
prior to the dilution air addition in the sizing section.

-9 --- .- ,,-



The mixing section was of similar design to that used in an earlier isothermal flow study
(10). It consisted of a further 162.5mm length of 175mm diameter flametube in the
circumference of which were punched eight equi-spaced dilution ports of 25.4mm diameter.
The dilution hole pitch to diameter ratio was 2.7. Air was supplied to the dilution
jets, as shown in Fig. 1, via an annulus formed by a concentric outer tube - the annular
gap being 12.5mm. The mixing section was connected to a water cooled exhaust system by a
further length of plain 175mm diameter tubing. Three dilution air flow rates were
adopted: 0.15, 0.25 and 0.30 kg/s. These corresponded exactly to the mass flowrates used
in the earlier isothermal work and will henceforth be referred to as the low, medium and
high dilution flowrates.

(b) Gas Analysis

Gas samples were withdrawn through a cranked water cooled sampling probe,
constructed of four concentric stainless steel tubes. The innermost tube, of lma
diameter, carried the gas sample. This was surrounded by a loose fitting "insulation"
tube over all but the first 10mm of its length. This tube was in turn encased within two
outer concentric tubes; these carried flow and return cooling water. The purpose of the
insulating tube was, following a short "rapid quench" length, to avoid excessive sample
cooling which might lead to condensation within the sample tube. To the same end the
extracted sample was led to the gas analysis equipment via an electrically heated line
which maintained the sample at a temperature of about 1200C. The outermost tube had an
external diameter of 25.4mm over much of its length, to lend rigidity and provide
accurate probe location. However to minimize flow interference its outer diameter was
12.

7
mm at the cranked head section; tapering to just over 2mm at the sampling tip. This

probe could be located at any position within the mixing section.

The gases were analysed for total unburned hydrocarbons, CO, CO2 and 0 using
conventional gas analysis equipment; viz. Analysis Automation Series 523 Flame Ionization
Detector, Grubb Parsons Series 20 infra-red CO and CO2 gas analysers and Beckman
paramagnetic oxygen monitor respectively. The instruments could be read manually or have
their output fed via a DEC LSI 11-23 minl-computer to a VAX computer for storage and
further analysis. In generating the axial plots shown later a basic sampling grid of
seven radial and eighteen axial positions was employed, and for radial plots a basic grid
of seven radii at 7.50 circumferential spacing over a 900 sector was used. In both cases
intermediate points were placed in areas of high gradient of the measured parameter (12).

(c) Mean Temperature Measurement

Mean gas temperatures were measured using bare platinum-20% rhodium versus
platinum-40% rhodium thermocouples. The sensing element wires were of 0.127mm diameter,
fused at the junction to a sphere of approximately 0.25mm diameter. The wires were
strung across prongs formed by two 0.5mm diameter support wires of identical materials.
These in turn were built into a twin bore alumina tube which fitted into a cranked
traversing probe of similar basic design to the gas sampling probe. The support wires
were soldered to standard insulated copper compensating leads. Bare thermocouple wires
were used because catalytic effects were considered insignificant at the temperatures
encountered in the present work (less than 720K). Similarly radiation losses at these
temperatures were estimated to be negligible, on the basis of the calculation procedure
outlined by Hankinson (13).

(d) Fluctuating Temperature Measurements

Fluctuating temperstures were measured using uncoated platinum versus platinum-lOX
rhodium thermocouples f, rmed from 50ps diameter wires, welded to form a bead of 1.25 to
1.5 times wire diameter. The element was suspended between the prongs of matching 0.5mm
diameter support wires. These wires were 15mm long and 12mm apart at the sensing element
end. As with the mean temperature thermocouple, the support wires were fixed into a twin
bore alumina tube housed in the earthed traversing stainless steel probe. Compensating
leads were again employed within the probe.

The principle of electrical compensation of thermocouples pioneered by Shepard and
Warshawsky (14) has been applied in an attempt to overcome thermal inertia effects. The
local time constant necessary to perform the compensation has been derived on the basis
of the d.c. pulsing technique developed by Tule at al (15). The use of high grade
electronic equipment in conjunction with an on-line VAX 11/780 computer resulted in a
noise limited cut-off frequency (16) of 5kgz. Full details of the techniques and
equipment used are to be found in the work of Lam (17).

The thermocouple signals could alternatively be transferred to an integrator and
associated amplifiers in order to generate a mean temperature signal. This provided a
useful check against the temperatures measured with the thicker and more robust
thermocouple described previously.

EXPERIMENTAL RESULTS

Preliminary experiments established that uniform conditions had in fact been
achieved at entry to the mixing section. At a position 100mm ahead of the dilution jet
plane consentration* of the gases measured were all within +52 of their respective means
over a 90 sector. Indeed the conditions remained constant-up to a plane only 40mm ahead
of the dilation jet centreline. The uniformity of the mixture as expressed by the

- . .
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parameter a, where s is the standard deviation in concentration (a) divided by the mean
concentration (x), was at the very low value of 0.032. The equivalent variation in mean
gas temperature from the overall average of 715K was even lover. These preliminary

experiments also established that no further chemical reaction proceeded within the
mixing section. Average temperature and gas concentrations well downstream of the
dilution plane, where near uniformity was again achieved, were in accord with what one
would expect on the basis of pure dilution for the given mass flow rates. No further
conversion of unburned hydrocarbon to CO or CO 2 occurred in the mixing section, the
combustion efficiency remained constant. Thus the concentrations of the various gases

measured were not indepenoent variables, although they did provide a useful check on the
behaviour of the gas analysis instruments. An excellent degree of unanimity was obtained

between these various "trace gases"; to reduce the required number of diagrams only data

for CO 2 are presented in this paper.

Shown in Fig.2 are CO 2 concentration contours plotted for a plane through a dilution jet

and midway between two adjacent jets, for each dilution flow rate. The diagrams extend

from 40mm ahead to 100mm behind the centre of the dilution jet, and the CO2
concentrations are expressed in the form of percentage of mean upstream CO' level. An
expected increase in jet penetration with greater dilution jet flowrate is evident. It
is also clear that the mixing of the two streams towards the expected downstream
concentrations, of 0.70%, 0.58% and 0.542 respectively, occurs within a shorter length of
duct with the higher jet velocities. This is in accord with the findings for the earlier
isothermal study (10), although for given mass flow rates the jet penetrations are lover

in the present work. However, there is no evidence of the toroidal recirculation set up
ahead of the jets (for the higher dilution flowrates) which were encountered previously.
This Is because the reduced density of the axial stream has led to higher axial
velocities and thus lower ratios of dilution jet to mainstream velocities (1.29, 2.04 and
2.39 c.f. 2.6, 4.34 and 5.21 in the earlier work). On the basis of this velocity ratio

the high dilution flowrste of the present work is roughly comparable with the low
flowrate for the isothermal case. Shown in Fig. 3 are equivalent concentrations of trace
gas obtaind in the Isothermal study for the velocity ratio of 2.6.

Comparison with Fig. 2(c) demonstrates considerable similarity, although the jet
penetration is more marked for the case of the hot axial stream. The jet also stayed

coherent longer, requiring a greater axial length of duct for dissipation.

Shown in Fig. 4 are mean gas temperature contours for the same two axial planes used in

Fig. 2 for the three dilution flowrates. While there is a large degree of agreement
between the concentration and mean temperature patterns, it is clear that in each case

jet penetration (as indicated by the dashed trajectory lines) seems to be greater for the
concentration measurements. This effect, which has been noted previously elsewhere (5),

is demonstrated more graphically in Fig. 5 where the increase in temperature and trace
gas concentration for the incoming jet as it mixes with the axial stream is expressed in

non-dimensional form by:

T -TC c - CI Tu T T -J x OO C n  F j x 100%

n-TF J 10%'C F CJ

where C , T are the normalised versions of the local concentration (C) and temperature

(T). Suffices J and F refer to incoming jet and fina (well downstream) average values
of these parameters. The differences between the two sets of contours could possibly be

ascribed to different thermal and mass diffusion rates. This would have important
consequences for computer modelling. However in interpreting the data of Fig. 5 it
should be remembered that they have been derived on the basis of rather different
experimental techniques. In withdrawing a sample In a fluctuating turbulent flow the gas
analysis technique will determine a mass weighted average quantity, whereas the fine wire

thermocouple will be less sensitive to the mass flow per unit volume (18). It should
also be remembered that the gas sampling probe will extract gas from some finite volume
within the mixing tube, and present an average for this volume. The position of the

centroid of this volume will equally vary according to the direction of the flow;
isokinetic sampling was not feasible for the adopted geometry. The thermocouple will not

experience this effect in the same way. Finally it should be borne in mind that the
flametube walls are not truly adiabatic; this will affect temperature readings close to

the wall.

Corresponding radial mean temperature contours at the dilution plane and at planes 10, 25
and 60mm downstream of this are shown in Fig. 6 for the hAghest dilution flowrate. The
1800 sector. have been generated by mirror imaging the 90 measured sector data. The

movement of the jet trajectory away from the wall and the diffusion of the jet into the

main stream can clearly be seen in these sequences. It is also possible to detect, for
the high flowrate, the development of the classical kidney shaped vortices formed by the

interaction of the flows (19). In the high flowrats case this has led to the area of
* lowest concentration at the 60mv plane lying between the jets rather than in line with

them. The effect was less marked at the lower dilution flow rates. It is also possible
to detect areas of high temperature at the wall immediately behind each jet hole. This

"* is a characteristic of some gas turbine primary and dilution jets. It is a consequence
of the expansion behind the jets of those hot axial gases flowing between the blockage
caused by the incoming jet flows and into the low pressure region just downstream of the

jet.
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The "relative efficiencies" of mixing for the the three dilution flowrates are shown in
Fig. 7(b), where the parameter s(-o/T) Is plotted as a function of distance. The
stronger disruption and faster mixing to a low value of s for the highest flowrate is
very evident. It is also of interest to note the almost exponential decay in mixing
rate. These data were evaluated from the radial plane temperatures.

Shown in Fig.8 are mean and compensated r.m.s. fluctuating temperatures derived from
compensated fine wire thermocouple measurements for an axial plane through a jet hole
centre for the middle dilution flowrate. The mean temperature contours are in accord
with those measured by the thicker thermocouple. However, it is interesting to note that
the influence of the jet is detected by turbulent fluctuations penetrating deeper into
the flow than indicated by mean temperatures and gas concentrations. It is particularly
interesting to note the high r.m.s. temperature values associated with the severe
shearing action at the leading edge of the jet, this is noticeably greater than at the
trailing edge of the jet. This is in part due to the high radial jet velocity and in
part due to the high axial velocity of the axial stream as the blockage generated by the
jets causes it to accelerate in the central ares of the tube.

THEORETICAL MODEL

Calculations of the flows described were carried out using a variant of the PACE
computer code (8). This program uses the finite difference technique to solve the
equations of motion for fully three dimensional turbulent flow. A k-c turbulence
sub-model is used to describe the turbulent velocity fluctuations.

For this work the equations solved were the finite difference representations of
continuity, momentum, scalar conservation, scalar mean variance, turbulence energy (k)
and turbulence dissipation. A more detailed description of the program and the constants
used can be found in references (8) and (10). For the computations reported in this work
a grid of 30 nodes in the axial direction, 15 in the radial direction and 10 in the
circumferential direction was used. Previous work indicated that grid independent
solutions could be obtained provided the grid was concentrated in regions of high angled
velocity (10). As a consequence selective grid refinement was carried out in the region
of the dilution hole.

The temperature used for the axial flow was the mean value measured on the rig;
similarly the temperature adopted for the dilution sir flow was that measured at delivery
to the outer annulus. A flat velocity profile was assumed for the axial stream at entry
to the mixing section. The angle of inclination of the jet through the dilution port was
taken as 680, in accord with the mean of that measured for the earlier isothermal work
(10). A flat jet entry velocity profile was assumed, as was the absence of swirl in both
streams. For the calculation of temperature the mixing chamber walls were considered
adiabatic, so that temperature could be treated as a conserved scalar - i.e. the gradient
of temperature was taken to be zero at the walls.

In addition to calculating Favre averaged temperatures at each point in the flow, the
program is capable of deriving a value of variance in the fluctuating temperature. In

the computer code the variance has been calculated as a conserved scalar, with a source
pr~portional to the variance multiplied by pE/k plus a term proportional to
pk (VT).(VT)/c. The constants of proportionality adopted were -2 and 2 x 0.9/Pr

respectively, where Pr is the turbulent Prandtl number (taken as 0.7).

THEORETICAL RESULTS AND DISCUSSION

Shown in Fig.9 are the computed contours of Favre averaged temperatures, together
with streak line plots for the intermediate dilution flowrate. The streak line diagrams
are particularly valuable for vizualizing the flow, clarifying the general picture drawn
from the experimental data. Comparison of Fig. 4(b) with Fig. 9(b) reveals a fair
measure of agreement between experimental and computed data. However, the computed
trajectory of jet penetration Is greater, and the rate of jet dissipation less, than that
observed experimentally. The same effects were noted at the two other dilution
flowrates.

The computed jet trajectory Is more closely in agreement with that found experimentally
by the gas analysis technique, Fig. 2(b). In the earlier discussion of the differences
between the two sets of experimental data it was noted that the gas analysis results were
subject to a mass flow weighted averaging effect, whereas the temperature measurements
were not. In this respect the concentration data might be thought to provide a better
basis for comparison with the computed results (18), since the latter are Fevre averaged
at each point. However computed time-mean averaged temperatures, calculated using the
computed fluctuating temperatures together with the Favre averaged temperatures, proved
little different to the latter in the present study. Since the degree of agreement
between theory and experiment was better in the isothermal study it is possible that the
neglect of the jet entry velocity profile in the present work might be significant.

Other reasons for the observed slower diffusion indicated by the computed results might
be associated with the neglect of swirl in the jet flows or with the assumotion of too
low a turbulence intensity for the incoming jet. However a parametric study of the
effect of the jet inlet turbulence intensity showed this to be relatively unimportant -
the turbulence generated by the shearing action of the jet renders that initially within
the jet relatively Insignificant. Perhaps a more serious error is the neglect of an
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axial flow velocity profile. In practice the maximum velocity will occur in the .' tral
core of the flow - this would tend to reduce jet penetration. Finally, It shouli he
noted that the assumption of identical thermal and mass diffusion in the model may ,v

questionable. By using different values of turbulent Prandtl number for mass
concentration and temperature calculations, it has indeed been possible to rprodu-r t he
experimentally observed differences in concentration and temperature profiles.

The square root of the calculated Favre averaged variance in temperature is shown io
Fig.9(c) - again for the intermediate dilution jet flow rate. It can clearly be seen
that the variance is greatest in the shear layers at the leading and trailing edges f
the jet. This is in accord with the picture implied by the experimental root meat -4spare
of fluctuating temperature data derived from the compensated thermocouple. Fig. 8(b.
Care should be exercised when viewing Figs. 9(c) and 8(b) together, as the two parameters
plotted are not identical. Nevertheless, as an order of magnitude measure and indattr
of areas of mixing activity, the observed degree of similarity is considered gratifvti .

CONCLUSIONS

I. The experimental data generated by gas analysis and thermocouple techniques have
confirmed the basic features of cross flow jet mixing expected, although the observed (et

trajectories were often at variance with those noted with more idealized geometries (2

2. Although doubts have been quite widely expressed about the validity of compensated
fine wire thermocouple data, in the present work fluctuating temperature measurements
proved useful for indicating areas of intense mixing activity.

3. Great care is needed when comparing averaged data derived using alternative
experimental techniques and, likewise, apparently similar parameters output from computer
codes. Different physical and numerical averaging effects can result in significant
variations in observed phenomena.

4. Within the above limitations good agreement between experimental and theoretical
data was obtained in the current work. Computer programs of the PACE type are, in their
present state of development, considered to be valid development tools in combustor
design. At the very least they are capable of providing (more quickly and flexibly) a
degree of understanding of a flowfield comparable with that generated by physical water

flow modelling.

5. Using computed data it is possible to pinpoint areas within a flow where energy
dissipation is unaccompanied by useful mixing of fluid; i.e. unnecessary pressure loss.
There is some evidence in the present study that cross flow jet mixing may be Inefficient
in this respect, lending support to the development of alternative combustor design
concepts that eliminate conventional dilution zones (21).
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DISCUSSION

H. Eickhoff, Ge
To attribute the differences in the mixing pattern of temperature and concentration to difference exchange co-
efficients for heat and mass is contradictive with many other experimental results. Did you study the influence of
different initial and boundary conditions on the predicted mixing patterns?

Author's Reply
The experimentally observed differences in temperature and concentration mixing contours are not attributed to
different exchange coefficients for heat and mass transfer; this is only one of a number of possible explanations
considered in the paper. We are not alone in observing this type of behaviour, which has also been reported by
Kamotani and Greber - reference [51 in the text.
We have computationally assessed, in the purely parametric manner, the influence of varying turbulence intensity
at the boundaries. However, as stated in the paper, it was found that the jet inlet turbulence intensity is relatively
unimportant - the turbulence subsequently generated at the interface of the two streams overwhelms that initially
within them.

P.Hebrard, Fr
Est ce que vous avez verifi que '6coulement 6tait effectivement uniforme en amont des trous de dilution? Une
distance d'environ 2 diam6tres entre les orifices primaires et les orifices de dilution me parait faible pour avoir un
6coulement uniforme.
Le mod6le de calcul est-il parabolique ou elliptique? Je suis dtonn6 qu'il n'y ait aucune zone de recirculation.

Author's Reply
Yes, we have checked that temperature, concentration anid velocity were uniform upstream of the dilution holes.
The model is elliptic. We did not notice any recirculation. In our earlier work, with a larger flow ratio and a greater
penetration we had recirculation ahead of the jet and we found the calculated recirculation was overestimated.

P.Raniette. Fr
Avez-vous visualis ou calculk le champ de vitesse dans un plan perpendiculaire A l'Ecoulement principal de la
chambre? En particulier, les tourbillons contrarotatifs provoqu6s par l'interaction d'un jet avec 'dcoulement
principal ne sont-ils pas positionn6s A l'int6rieur du jet plut6t qu'A I'extdrieur? Ne pensez-vous pas que ces
tourbillons peuvent 6tre une zone de dissipation d'6nergie accompagnde de peu de dilution ce que pourrait
iventuellement expliquer la difference que vous avez observ6e entre les courbes de temperature et les courbes de~concentration?

Author's Reply
Yes the calculation has been done in planes perpendicular to the main flow. There were vortices outside of the jet.
I agree that the effect of those vortices could change the dissipation rate and could explain the results which were
obtained.

Iwo
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ETUDE DE PROBLEMES FONDAMENTAUX DE LA COMBUSTION DAMS LES FOYERS DE TURBOREACTEURS
AU MOYEN D'U4 REACTEUR TUBULAIRE

J.C. BELLET, P. CAMBRAY, M. CHAMPION, D. EARNED
Laborstoire d'Energ~tique et de O~toxiique
(Laboratoire Assocj4 au C.N.R.S. n' 193)

E.N.S.M.A., rue Guillaume VII. 86034 POITIERS Cfdex (France)

RESUME-

Un foyer tubulaire, A lentrge duquel des gaz frais (hydrocarbure-air) et des gal br~lks soot
mflangg. rapidement de fagon A aimuler une combustion stabilis~e per recirculation de gat br~l~s, eat
utilisd pour

- valider, dons des conditions repr~sentatives des foyers, des sch~mas cin~tiques de la combubtion
des hydrocarbures propos~s par d'autres autaura,

- Etudier lea interactions entre turbulence thermique et taux do production chimique.

Les rdsultats obtenus prdchideament ayant montrg
- qua 1'influence de 18 turbulence cur lea taux de production chimique pout Atre n~gligge en
premi~re approximation,

- qua 1'6coulement peut Atre considfrA comma quaui-monodimensionnel au voisinage de V'ane.

lea profile des fractions molaires mesurdes soot utiliafs pour tester lea modales cin~tiques propos~s
pour Is combustion dui propane. 11 apparaft principalement qua, si les modtles lea plus rficents
prfidisent correctement Ia premibre phase de la combustion, ils aurestiment lea vitesacs de rdaction en
fin de combustion, tout au moins dana I. cas d'un m~lange propane-air-gaz brfil~s.

Par ailleurs, on a conatatd que, comae I. prfivoit I& thlorie, la combustion augments l'amplitude
des fluctuations de tempfrature pr~sentas dans le m~lange initial.

1. INTRODUCTION-

Dana Ia zone primaira des foyers de turborfactaura, la combustion est stabilisfie par recirculation
de gat brOlis dana lea gas frais. Lea ph~nombna. fildmentaires qui contrdlent ce proceasus, at par
cons~quent la mod~lisation qui dolt en Etre f site, dipendent fondamentalement des valours relatives du
tempa caractfiristique des r~actions de combustion d'une part, at du tampa caract~ristique dui mfilange
antre gat frais at gat brdla d'autre part. Si Is mfilange eat tr~s rapids par rapport A Ia combustion,

Ie proceasus eat contrd par Ia cindtique chimique, lea rfactions o'effectuant aii gain d'iine "lone do
combustion distribude" (suivant Ia tarminologie proposhe par LIBBY at WILLIAMS /1/). Dana Ie casI
contraire, Ie procasaus eat contr816 par Ia dynamique de l'Eicoulement at sea interactions avec desh fronts do flamme minces. Dana Ia pratique il eat probable que la dcii cas existent suivant lea
diff~rentes parties do la zone primaire at auivant lea r~gimes do' fonctionnement dui mteur, at qii'il
existe aussi des situations interm~diaires.

Au Laboratoire d'Energdtiqie et de D~toniqu#. de 1'E.N.S.M.A., cea deux cas linites sont Eitudifs,I
reapectivement:I

a) dons in foyer tubulaire I l'entrie duquel gal fraia at gaz br~l~o sont mfilangis de fagon
intense :lea principeux r~aultata obtenus A cc jour dana I. cadre do cotta premiare Studs Bout r~sumds
ici

b) dana une expdrience de combustion an couch. limit. avac injection parifitale do gat frais dana
un Eicoulement de gat brOlis :lea premiers r~aultats do cette seconde Eitide ont Ete prfisentda par
ailloura, an particulier dana Ia r~firence 2.

La foyer tubuleire eat donc principalawaet destinE A fournir des dones expirimentales our 1*
cindtique de Ia combustion d'un m~lange Lydrocarbure-air-gaz brOlla, af in de permettre do tester divers
modales cinfitiques dane dos conditions do composition plus reprdsentatives des foyers de turbortacteur
qua loroque lea rfactifs sont dihiida dane in gat inert.. Par ailleurs, Ie m~lange antra gat frais at
gal brialis Eitant turbulent, cc foyer tubulaire parsiet aussi ditudiar cartain, aspects des interactions
entre turbulence at rfactions chimiques.

2. DISPOSITIF EXPERIMENTAL-

La foyer tubulaire a Eta conqu an collaboration avoc I& SNECMA, do fa~on qua deux flux do gaz
fraus et do gas brOlds soient m~langE. en in temps court par rapport au tempo do r~action dui m~lange
r~sultant, qui eat an conditiona d'auto-inflainmation. 11 nat constituS (fig. 1)

-d'une chasibra do prdcombustion oO iea gas; brOlS sont produits A partir d'un m~lange propane-air
do richosso f

* - d'un Alangeur qui eat traverst par lea gas chauda grice I 100 orifices dispoods suivant un.
*grill de meille carrie da c8tE I cm, at qui injects lee gat frais do richaaoa * 2 per 81 injecteurs

intercalles entre lea trout pric~dents,
-d'uno veins d'expirianca do section carr&4e 10 cm x 10 cm at do lonrieur I m.

Los paroie de la chambre do pricombuotion at Isa mlange saint refroidies par circulation d'eeu,
main let paroie do 1s vein. d'expdrionce saint coinstituias do panneaux on fibres rifractaires non
refroidis, maintenus par in fmurreau on odoer itkoxydable.

Pour un dibit total don A, i set possible do stabiliser un. none do combustion A une distance

dannie en aval du ulngesur, an ajustant Is touplraturo do m~laftge T 3 por l'iaterwidiaire do Ia



richesse 0 et du rapport Ru = I /A~ des dfibits chaud ot froid :il position de cette zone de
combus tion est tr4s sensible aul ilin de ces deux: paramiatres, qui doivent Atre contr8lds avec une
pracision de l'ordre de 1%.

Des conditions d'expirience typiques pour is combustion de propane sont

p - I atm 0.I R - 1.56

A - 300 g/ 02 0.7

Dans cos conditions is tempgreture de mdlange T 3 est d'environ 1200 K, et le dabut des rdactions
exothermiques se situe A environ 20 cm en avai du mdlangeur, le ddlai d'inflammation augmentant
sensiblement avec ia richesse (P Cette derni~re caractdrietique entraine ia limitation de a
environ 0,7 :au-dell do cette vAleur il fsudrait augmenter 1 3 Plus quo no le permet Ia technologre
du maiangour.

3. METHODES DE DIAGNOSTIC -

Les fractions molaires des principales esp4ces stables sont mosuraes par pralavoment, A l'aido de
sondes en acior inoxydable refroidies par circulation d'eau, d'6ichantillons qui sont ensuite analysds A
l'aido do chromatographes.

La vitesse d'6couiement eat macurge A i'aide d'une chaine do vfilocimatrie loser reliae a un
systAme do traitement do donndes, 'ficoulement Etant ensemencEaen particules do zircone do diamatre
oyon 2 Lim.

La tempgrature moyonne do i'6couiement eat mosurae I laide do thermocouples chromel-alumel ou
platine-platine rhodid (prot~gds des effete catalytiques) ralisas en file do diamatre 0,2 mm. on
procade AIsl correction do l'effet du rayonnement.

Les fluctuations do tempdrature sont masurtes do deux fagons

- go it A l'aido do thermocouples chromel-elumel ou platine-platine rhodiid rfialisrie en file do
diamAltre 25 jim soudle bout A bout, avec compensation n~umgrique do Ia conetante do temps mosurac par
surchauffago 6iectrique /3/ ou ddtermindo par calcul direct, ou avec dltermination do la moyonne
quadratique par intfigration du spectre 6nergltique /4/;

- so it par la mlthode do pyromdtrie infrarouge d'6mission-absorption, ddveloppde A 1ONERA par
CHARPENEL / 5/, ot qui pormet do d~terminer Is moyenno quadratique des fluctuations do templrature dane
le cas d'un milieu statistiquoment homoglne 1e long du chemin optique do mesure.

Lee deux mfithodes sont compllmentaires:
- Ia premi~re fournit une mesuro ponctuelle mais avec une rdponse en frdquence,
- Is second. a une bande passante 6tendue mais ne fournit qu'une mosure intlgrde : 110 pormot

copondant do connattre Ia moyenne quadratique des fluctuations locales si lVon dfitermine en m~me temps
1'fichelle int~gral. do turbulence /5/.

4. PROPRIETES CARACTERISTIQUES DE LA COKBUSTION DAMS LE FOYER TUBULAIRE-

4.1 - Etat d'avancement du mfilange avant combustion -

Af in de vfirifier que Is foyer tubulaire fonctionne bion conform~moot A l'objectif fix6,
c'est-&-diro avec une combustion contr~lloe par 10 cindtique chimique, nous avons mesur6 lee
fluctuations de tempfirature A x - 15 cm en oval du ni~lengeur, dona lee conditions do fonctionnement
prlcldonnent cittos (1 2). Le question Etait do savoir si A cotto distance It milange oat devaou
quasi-hornogAne (fonction densit6 de probabilit6 do ia tempfirature quasi-gaussienne) ou s'il oct
constituf do paqu::s accolfi: do gee ftc:: at do gez brfils (f::ction den:itA do probabilit6bimodale).

Par analyst spoctrale des signaux dfilivrfis par lea thermocouples fins, sans et avoc compensation,
on a dfiterminS dons quelles limites Is afithode pormot do d~tector une succession do paquets do gaz

* taille, at do l'6cart do templreture entro lea paquets /3/. C'eet sinai, par example, quo Pour un
6coulement A 130 m/s, des paquets do taille caractgristique moyenne do. 8 mm, avoc une diffironce do
tempfirature do 1200 K Bout dltoct~s m~me avec une dispersion on taille do l'ordre do 100%. On a aussi
vdrifi6 quo lee spectres dlGnergie des signaux obtenus par loa deux mithodos sont compatibles, ce qui

permet d'extrapolor Is dicroissance du spectre du signal ddlivrd per lea thermocouples au-dell do Is
* limitation due au bruit et d'on, dlduire par intfigration l'Enargia totalo contenue en debors du bruit

Los deux mithodes ont conduit, avec mm accord 1 20% prls, A un 6cart quadratique moyen do 40 K

pour T 3  - 1200 K, qui caractlrise um m~lange quasi--bomogtne. Dae coc conditions, le modal.
monodimensionnol de combustion turbulente d~valoppi per CHAMPION (6, 7, S/ montre qua i'influonce des
fluctuations do tempdrature sur lee taux do production chimique Pout itra U&gligd en proisilro
approximation, et qua, pour Ia confrontation avoc les modbl.. cingtiquoc, l'Ecoulaeant pout Atre

* considhrd comms laminaire.

4.2 - Influence 6vontuollo des effete bidimensionnels-

Pour utilisor Ia propridtf pr~c~dente, ii importait do plus do sassuror quo l'Scoulouent pout
Stro comiddrd corns monodimonsiomnol, au momns cur l'axo do I& veins dlexpdrienca. En of fet 1.
caract~ro adiabatique des patois de cetto dernilrs provoque mne inflammation plus pr~coce dons lts
couches limit** quo sur l'axe, at ii pout en rdcuiter des effete bidimensionnols important.

On a donc: procddd I une Stud*e xp~rimentale ddtaillfis do 1'Ecouloant, at confrontf lea rasultats
obtonus avoc les pridictions foiirnies par un modal. bidimonsionnel do typo k-C-g oO Is combustion Oct
reprasentio par uno soul* rfaction global* /4/. 11 Oct d'abord appanm quo, pour oh touim une
reprisentation satisfaisants, il fallait f sirst prgcdder cotto rfaction global* par in dfilai
quasi-isothorue, qui a EtS d~duit do l'sxpieince. La comparaicon do I& reprisontation fournie par cc
modal.e bidimensionnal, avoc cell* fouriai par un mod~lis onodimasionnsl comportant I* mus sch~ma
cindtique, a montri quo lea profile do tempGrature soye*n* ainsi dltesidse cotucidont eauf au
voisinage do Ie sortie dui foyer (z > 90 ca).



4.3 -Conclusions pour l'interprdtation des rdsultats expdrimentaux-

L'ensembie de ces travaux prgliminaires a donc prouvfi que le foyer tubulaire peut Stre utilisdi
pour tester des modZles cindtiques en considgrant, en premiare approximation au moins, que l'6coulement
set monodimensionnel at laminaire sur l'axe. Il convient toutefois de noter que la confrontation ne
permet pas de validor avec exactitude Ia reprasentation de Ia phase d'inflanaation dans I& mesure oil,
dane 1'expirience, une partie de cette phase s'effectue pendant Is m~lange entro gaz br(Ilis at gaz
frais.

Par ailleurs ldftude de l'd6volution des fluctuations de temp~rature doit permettre de virifier les
effets des interactions avec Ia combustion pr~dites par Ia mod~le de combustion turbulente.

5. TRAVAUX SUR LA CINETIQUE DES REACTIONS DE COMBUSTION EN MELANGE HYIROCARBURE-AIR-GAZ BRULES-

Les expfiriences ont pour l'instant 6t6 limit~es aux hydrocarbures gazeux (propane, 6thylane) dont
lea sch~mas rdactionnela ddtaill~s sont encore loin d'Atre bien connus inalgrEi lea progr~s en cours /9,
10, 11, 12/. Compte tenu du fait qua ls phase d'oxydation de l'6thylane (espace intermdiaire
hydrocarbon~e Ia plus importante dans Is combustion des hydrocarbures plus lourds) paratt la phase la
moins bian connue, nous avons aussi proc~d6 I des exp~riences de combustion de propane additionnh6
d'6thylbne, de fagon A permattre de tester la pries en compte de la concentration en Eithyl~ne dens lea
sch~mes propos~s.

5.1 - Rgsultats exp~rimentaux-

Sur lea figures 2 A 6 sont reprfisentfis jdes examples de profile de Is tempgrature et des fractions
molaires mesurfies sur l'axe dana le cas de la combustion respactivemant

- du propane put (fig. 2)
- de l'fithyl~ne pur (fig. 3)
- des mfilanges 95% C AH+ 5 % C2 H4 (fig. 4)

90% CPS1 + 10% C 2A (fig. 5)

80% C3118 + 20% C 2 H4 (fig. 6).

On ramarque en particulier qua dana Is caa du propane Ia profil de la concentration en CO at
assez aplati, slots qua dane la cas de l'Ethyl~ne il pr~sente un maximum plus accentui, correspondent A
une formation at une consommotion retardles mais plus rapidis.

Par ailleurs on constate qua l'addition d'Ethylgne au propane accil~re la formation d'fithylane at
de mfithane, at donna au profil de concentration de CO una allure plus proche du ces de I'fithylbne pur
qua du cas du propane pur.

5.2 - Comparaison avec lea schfimas cingtiques-

5.2.1 - On trouveta dana Ia communication de CATHONNET at al. A ce mima Symposium /13/ un
example d'utilisation de nos rdsultats pour la mise au point d'un sch~ma cindtique d~taillf de Ia
combustion du propane. L'intdt do la miss au point do tela mficanismes eat fondamontal at pout

conduire A1 l'Glaboration de sch~mas simplifi~s A pattir de ia d~finition dos principales Etapes
rgactionnelles. Maio lout application diracts paraft limitdie eux modales de chambre de combustion
constituds par i'assemblage de foyers homoganes /14/. Si V'on souhaite mottto au point des mod~les bi-
ou tri-dimensionnels, il faudra bien recountr A des achfimes simplifi~s, at, si llon souhaite pr~voir
pat example l'Emission do CO ou lee limites do stabilitE en fonction de Is richesse, on no pourra so

limiter A l'utiliaation d'uno seula r~action, globale.

Ie d~but do la combustion mais que les calculs ont tendance A ouretimer lea vitoases do r~action on

fin do combustion.

5.2.2 - Nous avons par ailleura entrepris do confrontor nos rlsultats avoc des sch~mes
simplififis proposds par d'autroa autouts. Nous avons dfj& montrE /3/ qua lea sch~mas "quasi-globaux"
(qui comports une soul. r~action globale pour la formation do Co at H1 ,A laquollo sont associfes lea

rfactions El6mentaires intervonant dana l'oxydation do CO at H1 W CO at N 0 /15, 16, 17/) no

potuotnt pas de repr~sontor uno phase do dilai quasi-isothr" dont 210 lonjuour crott avoc; I&

richas$*. Par contra Is modal. A 4 r~actions do IIAUTNAN at al. /18/ nous a paru part icul ilromont
intfireasant, dane la mosure obl il comport. 2 r~actions pour la formation do CO ot H 2 . Rappolons quo

co sch~ma (valablo pour d'autros hydrocarburos aliphatiquos) s'ficrit:

C3 H 8  -~ 3/2 C 2 H4 + H 2 (R 1)
C2A 4+ 02  - 2 CO+ 21H2 (R2)

CO + 1/2 0 2+ CO 2(R 3)

H 21/2 02+ H2 (R4

oa l'dthylbne roprlsento on rialitt des olffines £ntormldiairos (ptincipalomant Eithylano at propane).
low Solon lee autours, l*@ tanK do production chimique respectifo do chacuno do coo rfactiono

adecrivent:

* ~10x *- 1 /R ( 3"d
8  (02) b1 (C2 1 4 )

1

d(C 214  Y-2  E2 /RT a82 b 2  8)C2
-- 32 0 o (Ca)4 (02) (c H



p-4

d(CO) -- 0x -E, /RT 83~a ( b I( 3 C

dt 3 2 2

d( 2i) 1x4 e-E 4IRT ()a 4 (0)b 4 (
-T10 e ( 2) (2) ( 2i 4)

avec les param~tres ci-dessous

x E a b c

R1 17.32 + 0.88 49600+ 2400 0.5 + 0.02 1.07 + 0.05 0.4 + 0.03

R 2 14.70 + 2.00 50000+ 5000 0.9 + 0.08 1.18 + 0.1 -0.37+ 0.04

R3 14,60 + 2.50 40000+ 1200 1.0 0.25 0.50

14 13.52 + 2.2 41000+ 6400 0.85. 0.16 1.42 + 0.11 -0.56. 0.2

at S 7.93 exp (- 2.48 0) (0. richesse initiale)
et la condition S < 1. 0

On rernarque que, dans 1',slaboration de ce achlma, les auteurs ant 6t6 conduits a adopter des
exposants c2  at c nlgatifs, et qu'en conslquence lea vitesses des rlactions R at R vont
crottre tr s rapilement loraque lea concentrations en C3 H8  et C2R4vont 2epet 4mn tn
vera zfiro.

Ceci permet une reprfsentation satisfaisante de la phase initiale de Is combustion (au besoin en
ajustant les valeurs des divers param~tres) mais pas de la phase finale. A titre d'exemples, nous
donnons lea r~sultats des confrontations entre nos expdriences et lee calculs effectuls pour Ie propane
pur (fig. 7) at lea m~langes A 5 X (fig. 8) at 20 % (fig. 9) d'fithylane, avec lea veleurs suivantes des
psram~tres du sch~ma (en regroupant la alcantes avec le propane et lea autres hydrocarbures avec
1'6thyl~ne):I

x E a b c

R1 16.40 47200 0.5 1.07 0.4

R2 14.80 55000 0.82 1.18 -0.411

R13 14.00 41200 1.0 0.25 0.5

4 14.60 46000 0.93 1.42 -0.56

La fin des riactiona apparatt trop rapide at cette mliea tendance se manifeats dans certains

rlsultats pr~sentge par Les autaurs eux-mlimes.
Par ailleura, Ie caract~re "raid." de ce syst8bne d'6quations peut entratner des difficultls

d'intlgration nuzulrique bora de son utilisation pour la moddlisation d'Scoulements r~actifs.
V'est pourquoi nous avons cherc -'ii 6tait, possible d'apporter dea azulnagementa A cc schlua afin

d'fiviter lea inconvinients ci-desau. -anibre glnlrale lea taux de production chizuique propoas
par lea auteurs sont exprimlis en f on ncentrations des rfactifa, avec un facteur correctif
introduit pour tenir compte du fait qu'il .. it paa de rfactione 6llmentaires, at pour reprdsenter
certaines tendances du micanisma rdel :uis ont fitf conduits A exprimer ce facteur corractif an
fonction de la concentration d'une troisi~me esace intervenant dana Ia achlma. Compte tenu des espbces
choisiea, un expoaant nigatif sat apparu pour 2 des 4 r~actions.

klaus avon. penal qu'une autra vois do recherche possible conaiste I exprimer cc facteur cortectif
en fonction d'une grandeur caractlrisant la "rfiactivitg" du mfilange 8 chaque instant. A difaut de
prendre en compte leaeasp~ce. radicalairas, qui n'apparaisaent pas dana Is schama, une solution
pourrait 8tre de choiair la concentration en CO forml depuis l'instant initial, notE eO, afin do Is
distinguer du CO pr~sent initialement done le cas d'un milange comportant des gat brftis.

Una tentative pour reprlisenter no. propres rlsultats explrimentaux (limitis, rappelona-le, a do&
allanges pauvres) a conduit aux risultats qui apparaissent our lea figures 10 at 11. at qui ont its
obtanus avac Ie sch~ma suivant



C3 H8 - 3/ 2 H4 + H2 (R1 )

C2 H4 + 02  - 2 CO
x 
+ 2 (R)

CO + 1/2 02 . CO2  (R3)
Co' + 1/2 0 CO2  (R )

H /2 012 o2  H 20 (R4)

d(C3) - 10-Xl -EI/RT 83 bH 8a

dt 3 e (3a) (02)

d(C2H4) - ' -Ej/RT a' 3 c'dt 2' " 10 x (C2H4 ) 2(0) 2 (co')

d(CO) 3- ,- 0 ,-E3 /RT(Co) (02 ) (coX) 4

-3 3b2

3's 10 - x 3e -E 3/RT ccox)a3 Co2b3)"C' Co 3
dt 3'2

-(2 x 4  -E4/RT )a4  b 4  4.dt2 4 - 0 e (H 2 (02) (co') c

oi les paramatres ont lea valeurs ci-dessous

x E a b c

R 19.80 40000 1.5 1.07 0

R2' 31.65 60000 2 1.18 1

R3 14.45 39000 I 0.25 0.5

t R'
3

R4  20.80 40000 1 1.42 0.3

On constate que la representation eat relativement satisfaisante, et lee inconvfinients life aux
exposants nfgatlfs ontd videmment disparu. Cette approche paratt donc possible, mais il tests encore I
I& confronter aux rfisultats expirimentaux obtenus done des conditions diff~rentes, notamment en m~lange
riche et A pression supdrieure A la pression atmosph~rique,

6. TRAVAUX CONCERNANT LES INTERACTIONS TURBULENCE-COMBUSTION -

Le modale de combustion turbulente en dcoulement monodimensionnel ddvelopp6 par CHiAMPION /6, 7, 8/
montre qua lea fluctuations de tempdrature pr6sentes dana le mulange initial sont amplifides par les
riactions. Nous avons proc~d A des mesurea de fluctuations de tempdrature & l'aide do thermocouples
fins I constante de temps compensde. Lea r6aultats obtanus A diverses abscisses x en aval du milangeur
pour 02 - 0,6 sont rdsumdes dana Is tableau ci-dessous

x (cm) 15 45 j75 90

a T (K) 45 96 73 59

On constate bion l'augentation do l'dcart quadratique moyen des fluctuations dana la rigion des
r6eactions exothermiques, suivie do l'amortissament de ces fluctuations. Cos rasultats no peuvont pour
l'instant constituer qu'une virification qualitative des prtdictions du modlle do combustion

-turbulent*, qui a itd ddveloppi avec un schgma de type quasi-global pour reprisenter Ia cinstique

chimique, .t donc mal adapti au cao considdrd.

7. CONCLUSIONS-

Lee rlsultets obteaus &vec Ie foyer tubuloire, dons des conditions cindtiques qui :luuleut la
stabilisation do Is combustion par recirculation do 8as brOlds, constituent principaleseent une i

contribution A la validation expdrimentale des schma riactionnols do Ia combustion des hydrocarbures

..-



gazeux. Ils complatent lea r~sultats obtenus par d'autres sutaurs et permettent de voir si lea sch~mas
cingtiques proposes peuvent correctement prendre en compte la presence de gsa brGI~s en proportion
importante dans le melange avant reaction. Ccc gaz brftl6s ne peuvent an effet Atre assimilfis A un gaz
inerte:

- ni pour determiner les vitesses des reactions globales des sch~mas simplifies, car lour presence
favorise dans is r~alit6 lea reactions inverses (A Is difference d'un ga inerte qui ne fasit que diluer
les r~actifs),

- ni dans la misc au point de schfimas d~tsiills, o4i les vitesses de reactions de recombinaison en
presence d'un troisigme corps ne sont pas les m~mes selon qua cc dernier est de 1'azote ou un
constituant des gaz brOI~s.

En ce qui concerne les sch~mas simplifies, celui A 4 reactions propose par HAUTMAN et al. /18/
paralt, sous reserve de certains am~nagements comme celui que nous proposons ici, permettre une
representation sstisfsisante de l'8volution de 7 espaces et de Is temperature, et pout fitre tr~s utile
pour le d~veloppement de modales de foyers.

Par silleurs le foyer tubulaire permet de tester des mod~les de combustion turbulente dsns le cs
d'un 6coulement de configuration simple, oQ Ia cinfitique chimiquc doit fitre representge de fa~on
r~aliste. Nous avons ainsi pu verifier qu 'au sein d'une zone de combustion diatribu~e lea fluctuations
initiales de temperature sont amplifi~es par lea reactions chimiques.
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DISCUSSION

R.Monti. It
How are your conclusions affected by the initial temperature distribution due to the cooled walls of the pre-
combt:stor chamber?

Rtponse d'Auteur
Nous avons faits des mesures transversales de temperature. La principale difficut vient d'une inflammation plus
rapide dans les couches limites, ce qui donne tres rapidement un profil de temperature avec des temperatures plus
Mlev~es pros des parois, i tel point que les corrections de rayonnement sur les thermocouples sont faites en sens
inverse de ce qui est habituel, car ce sont les parois qui rayonnent vers les thermocouples.

-AKN



EVALUATION OF MULTI-DIMENSIONAL FLUX MODELS FOR RADIATIVE
TRANSFER IN COMBUSTION CHAMBERS: A REVIEW

Assoc.Prof.Dr. Nevin Selcuk
Department of Chemical Engineering
Middle East Technical University

Ankara/Turkey AD-PO03 151
--3- In recent years, flux methods have been widely employed as alternative, albeit intrin-

sically less accurate, procedures to the zone or Monte-Carlo methods in complete pre-
diction procedures. Flux models of radiation fields take the form of partial differ-
ential equations, which can conveniently and economically be solved simultaneously
with the equations representing flow and reaction. The flux models are usually tested
and evaluated fro; the point of view of predictive accuracy by comparing their predic-
tions with exact values produced using the zone or Monte-Carlo models. In the pres-
ent paper, evaluations of various multi-dimensional flux-type models, such as De Marco
and Lockwood, Discrete-Ordinate, Schuster-Schwarzschild and moment, are reviewed from
the points of view of both accuracy and computational economy. $ix-flux model of
Schuster-Schwarzschild type with angular subdivisions related td the enclosure geo-
metry is recommended for incorporation into existing procedures for complete mathemat-
ical modelling of rectangular combustion chambers.

1. NOMENCLATURE

A,B,C dimensionless multiplying coefficients in the equations for the six-flux model
Dl to D10 dimensionless multiplying coefficients in the generalised flux-type model equations

e b black-body emissive power at a point on a bounding solid surface (W m-
2
)

Eb black-body emissive power at a point within the enclosed emitting-absorbing medium (W m
-
')

G total intensity of incident radiation (W m-
2
)

I intensity of radiation in a specified direction at the general point (W m-
2 
sr-')

K volumetric absorption coefficient of the enclosed medium (m-
1
)

L sum of intensities in vertically opposite solid angles (W m
-
' sr-')

n unit vector normal to a surface (m)
N number of smaller solid angles into which the total solid angle of 4 sr is subdivided
q+ half-range radiative flux density in positive t direction (W m

-
')

q half-range radiative flux density in negative direction (W m-
2
)

q net radiative flux density in direction (W m-
2
)

q radiative flux vector (W m
-
2)

Q source term for radiative energy (W m
-
')

1 position vector of a point (m) (
S quantity occurring in equation of radiative energy transfer (W i-')
T absolute temperature at a point in the enclosed medium (K)

x,y,z rectangular cartesian coordinates (m)

Greek symbols

E total hemispherical emissivity of a surface point
a Stefan-Boltzmann constant

magnitude of a solid angle (sr)
il unit vector denoting direction in which intensity is considered (m)

Subscripts

i denotes the ith smaller solid angle
n in the direction of the normal to a surface
w on the surface of a bounding wall

x,y,z in the directions of the rectangular coordinate axes
in direction t x,y or z.

Superscripts

+ in the positive direction
- in the negative direction

2. INTRODUCTION

Rapid increases in fuel costs over the past decade had led to intensive investigations of possible
methods of increasing the overall thermal efficiency of combustion chambers by modification in design and/
or mode of operation. Such modifications can cause considerable changes in the temperature and heat flux
distributions within the combustor. Although the new distributions can obviously be determined by
extensive and expensive experimental investigation programmes, it is more economical and desirable to be
able to predict the effects of modifications in design, mode of operation or method of firing by using
mathematical models of the combustion chamber behaviour. Accurate temperature predictions are especially
important for the prediction of pollutant emission levels since the chemical kinetics involved are
extremely temperature dependent.

At the high temperatures encountered in most furnaces and combustors, thermal radiation is the
predominant mechanism of heat transfer. Any procedure for the complete prediction of furnace or combustor
behaviour must, therefore, utilise a realistic approximate mathematical model of the radiation field.



From the point of view of mathematical modelling, any furnace or combustor may be visualised as an
enclosure containing a radiatively emitting-absorbing-and possibly scattering medium which is in motion.
within which heat is being released as a result of chemical reaction, and which is exchanging thermal
energy with all solid surfaces with which it is in contact.

The most accurate procedures available for mathematical modelling of radiation fields within
enclosures are the zone :1,2,3. and Monte-Carlo 4,51 methods, both of which have been extensively
developed and tested 3,6,7 i for enclosures for which complete knowledge of the flow and concentration
fields was available. Utilising this information, the radiation model was used to predict temperature and
radiative flux density distributions, which were then compared with measured values.

However, these radiation models have not been used as part of a complete prediction procedure. One
reason for this is that, in the complete prediction procedure, the flow, concentration and reaction fields
are mathematically modelled by simultaneous partial differential equations. The equations modelling the
radiation field are not differential in form, and, hence, their numerical solution in conjunction with the
differential equations is neither convenient nor simple. In addition, the arithmetical labour and machine
storage capacity required by these radiation models puts the complete modelling procedure utilising them
beyond the capacity of many computers.

In order to overcome these disadvantages, flux methods ;8,9, have been widely employed as alternative,
albeit intrinsically less accurate, procedures to the zone or Monte-Carlo methods in complete prediction
procedures. Flux models of radiation fields take the form of partial differential equations, which can
conveniently and economically be solved simultaneously with the equations representing flow, reaction etc.

Previous multi-dimensional evaluations of the accuracy of flux models of radiation fields have taken
the following form:

The flux model has been employed as part of a complete prediction procedure 18,91, and predicted
temperature and radiative heat flux distributions have been compared with experimentally determined
values 18,9,10,11,121. This procedure suffers from two disadvantages: discrepancies between predicted
and measured values may be partly due to errors in the experimentally determined data; even if the
experimentally determined data is correct, it is impossible to decide whether discrepancies in the
predicted temperature and radiative flux distributions are attributable directly to the flux model
employed or to inaccuracies in the models used for the prediction of flow, reaction etc.

More recently, the above disadvantages of previous testings of flux models have been overcome by
testing the flux model in isolation from the modelling of other physical processes. The tests have been
carried out by using a prescribed radiative energy source term distribution, and comparing predicted
temperature and radiative heat flux distributions with values predicted utilising the zone or Monte-Carlo
methods 13,14,15 . However, a second factor of considerable importance which should also be taken into
account in the assessment of a model is its economy of prediction in terms of computer time. A new model
which produces a small percentage improvement in accuracy at the expense of a doubling of computer time
may well prove to be unacceptable.

In this paper, a brief review of the flux-type models is presented and evaluations of previously
proposed and tested flux models 113,15,16,17, for radiative transfer in box-shaped enclosures are
reviewed from tre points of view of both accuracy and computational economy.

3. EXACT EQUATIONS FOR THE RADIATION FIELD WITHIN AN ENCLOSURE

Equations for the Enclosed Medium

The basis of all flux methods for the solution of radiation problems is the equation of radiant energy
transfer. For an emitting-absorbing grey medium in local thermodynamic equilibrium, and for which quasi-
stationary conditions exist, this takes the form

v. ( ,)= -K(r_)I( , ) + K(; ) G( ) + -- S( ) (1)

4v 4v

where I(rn) is the intensity of radiation at point P( ) and in a direction defined by unit vector , and
K(F) is the volumetric absorption coefficient of the medium. S(F) is defined by the relationship

S() = K( ) (4Eb( ) - G(;)} (2)

where Eb () is the black-body emissive power of the medium, which is related to its absolute temperature
T(?) by the expression

E () o{T(F)})4 (3)

where o is the Stefan-Botlzmann constant. G(U) is the total intensity of incident radiation at point P,
which is obtained by angular integration of intensity over the total solid angle of 4W steradians
surrounding the point

G( ) : I( ,5)d. (4)

where dw is a small element of solid angle.

_ I _ .i -i i -i " . . . -- _~ V i
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Integration of equation (1) over 47 steradians produces an equation representing a balance on the
radiant energy travelling in all directions through the point

=SC) (5)

in which q(r) is the radiative flux vector, which is defined by the integral

I ( ,,)d, (6)

4

Coupling of radiative energy transfer to the transfers by other mechanisms occurs in the enthalpy balance,
which can be expressed in the form

.q(r) Q() (7)

where Q(r) is the source term for radiative energy, which accounts for the transfers of energy by
conduction, convection and turbulent diffusion, and the liberation of energy by chemical reaction.

Elimination of .,.q between Eqs. (5) and (7) establishes the identity of S and Q.

S(r) = Q(r) (8)

The form of S(r) to be used for calculation purposes depends upon the initial information available for a
particular enclosure problem; if the distribution of Eb(F) is specified in advance, then S(F) is expressed
in terms of Eb(P) as in Eq. (2); alternatively, Eq. (8) is used if the distribution of Q(P) is prespecified.

The relationship between the radiative energy source term and the black-body emissive power can be
found by equating the right-hand sides of Eqs. (2) and (8)

Q(r) K(){4Eb() - G(F)} (9)

Further exact equations for the radiation field may be derived by subdividing the total solid angle
surrounding the general point into N smaller solid angles s .. If equation (1) is integrated over each
smaller solid angle in turn, the following N additional exat equations for the radiation field are
obtained.

(v.( I)Id. = -K Idw + - (KG + S), i= 1 to N (10)

where wi is the magnitude of solid angle Qi"

Radiation Balances at Bounding Solid Surfaces

Complete modelling of the radiant energy exchanges within an enclosure requires the use of radiant
energy balances at all interior bounding surfaces in addition to the balances within the enclosed medium.
If the surfaces are assumed to be grey diffuse emitters and reflectors of radiation for which the
absorptivity equals the emissivity, the radiant energy balance for surface point U(rw) may be written in
the form

qn (rw)- (w)eb(;w) + {l'(rEw) (11

where c is the emissivity and eb the black-body emissive power of the wall point, and q+ and q are the
forward and backward half-range radiative flux densities in the direction of the unit n

8
rmal vector fl from

the surface point into the enclosure. q+ and q- are defined by the angular integrals

q+ (Fw) = ,)d. (12)
n w w

q (rw) = 5(w)d. (13)
n.a<0

The net flux density of radiation in the direction of AIqn(nw)I is given by the difference of the half-
range values

qn(F = qn+(w - (rw) (14)

I
vI
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4. FLUX MODELS FOR THE RADIATION FIELD WITHIN A COMBUSTION CHAMBER

Exact modelling of a radiation field would involve prediction of numerical values of the intensity of
radiation in every direction at each point within the medium and on the interior bounding walls, from which
exact values of radiation variables could be calculated.

The aim of all flux-type models of radiation fields is to reduce the arithmetical effort involved in
producing a solution by predicting only a finite number of the potentially infinite set of unknown
intensity and radiative flux density values. The smaller the number of values in the finite set, the more
approximate is the mathematical model of the actual radiation field. The final choice of the number of
values in the finite set is usually a compromise between accuracy and computing effort.

Flux models are based on the use of some simplifying assumption for the angular variation of intensity
at any point. The mathematical model of the radiation field at the point then takes the form of a set of
simultaneous partial differential equations with respect to position in terms of the unknown parameters in
the approximate angular representation of intensity variation.

A number of different flux-type models have been developed for approximate mathematical modelling of
radiation fields in enclosures. These can be broadly classified as shown in Figure 1.

Flux Models

-Ordinate

Schuster-Schwarzschild

F hr-H mker Moment and Spherical Harmonic

Figure I. Classification of flux models.

Schuster-Hamaker Type Models

Models of this type utilise the simplest and least accurate representation of the intensity variation;
plane parallel radiation is assumed in each dimension in which variation of the radiation parameters occurs.
Two differential equations are produced from first principles for each dimension by carrying out radiative
energy balances for the forward and backward directions.

A four-flux model of Schuster-Hamaker type for axi-synmmetrical radiation field has been proposed and
employed by Gosman and Lockwood 1101 to determine the radiative behaviour of a large-scale experimental
furnace. More recently, Patankar and Spalding 111! have used a six-flux model of the same type as a
sub-model for radiation field in the complete mathematical modelling of a gas turbine combustion chamber.
Later on the results of the complete prediction procedure have been tested by comparison with experimental
data taken on ljmuiden furnace 1121.

Schuster-Schwarzschild Type Models

The basis of these models is to subdivide the total solid angle surrounding a point into smaller solid
angles in each of which intensity is assumed to be uniform. Discontinuous changes in intensity, therefore,
occur in passing from one smaller solid angle to any adjacent smaller solid angle. Integration of the
equation of radiant energy transfer for each smaller solid angle, in turn, produces a group of partial
differential equations in the unknown intensities.

Alternative four-flux models of Schuster-Schwarzschild type for axi-symmetrical radiation fields have
been proposed and tested by various research workers 18,9,181. A six-flux model of the same type for three-

dimensional radiation field has been derived and tested by Siddall and Seluk 1151.

Discrete-Ordinate Models

Discrete-Ordinate model utilises the assumption that intensity varies in a continuous but unspecified

L
4 1 ."
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manner with angular direction at any point. The total solid angle surrounding the point is then subdivided
into smaller solid angles in each of which a direction for the intensity is specified. Application of
equation of radiant energy transfer into each direction produces differential equations in terms of the
unknown intensities in the specified directions. Any angular integral of the intensity at a point may be
found by treating the subdivision scheme described as a quadrature scheme.

A six-term Discrete-Ordinate model for three-dimensional radiation field has been derived and tested
by Selcuk and Siddall 1171.

Moment and Spherical Harmonic Models

With these models the intensity is assumed to vary in a specified continuous manner with angular
direction. In the moment model the intensity in any direction is expressed as a polynomial series in the
direction cosines of the same direction with respect to the coordinate axes. The spherical harmonic model,
which is a particular form of the more general polynomial moment model, is based on expanding the intensity
in a series of spherical harmonics of the polar and azimuthal angular coordinates of the direction. In both
models, first order differential equations-equal in number to the number of terms in the series-in the
unknown multiplying coefficients of the terms in series are produced by multiplying the equation of
radiative transfer by each term in the expression of intensity in turn and integrating over 4' steradians.

A moment model for radiative transfer in box-shaped furnaces has been derived 16 and tested against
Monte-Carlo predictions i15 . Chou and Tien 1191 have applied the moment model to concentric spheres and
cylinders and evaluated its accuracy by comparing its predictions with the results of the Monte-Carlo
method.

The accuracy of spherical harmonic model for axi-symretrical radiation fields have been tested by
various researchers 119,20,211 and found to produce more satisfactory results in comparison with
Schuster-Hamaker type models 1211.

4. FLUX-TYPE MODELS TESTED

The six-flux models which have been compared are:
a. A six-term model derived by De Marco and Lockwood 1131, using a combination of the Schuster-

Schwarzschild and Discrete Ordinate methods-Model 1.
b. A six-term moment model derived by Selcuk and Siddall 1161-Model 2.
c. A six-term Discrete-Ordinate model derived by Selcuk and Siddall 1171-Model 3.
d. A six-flux model of Schuster-Schwarzschild type derived by Siddall and Selcuk 1151, utilising six

equal subdivisions of the total solid angle surrounding any point within the enclosures-Model 4.
e. A six-flux model of Schuster-Schwarzschild type derived by Siddall and Selcuk 1151, utilising

subdivisions of the total solid angle based upon the geometry of the enclosure under consideration-
Model 5.

The equations representing the above-mentioned flux-type models can be expressed in the followingcommon forms 115,171:

The Flux Equations

(a
2LE/a& 2

) = K2(DI) (D2) CL -(D
3
)E Lnextt -(D4) L remaining - 2K C= x,y,z (15)

The Boundary Equations

2e b

aL E/a) = ) (D5) ((D6)E L + (D7)E L next + (D8)E L remining- _ E= x,y,z (16)
(2-c)

where

+ -
= Ic + I = x~y,z (17)

In Eqs. (15) and (16), the sequence to be followed in determining "next c" and "remaining &" is x-y, y-z,
z-x, so that, for example, in the flux equation for the y direction, &=y, "next C" = z, and "remaining &"=x.
L denotes the sum of intensities in vertically opposite solid angles.

Components of the Radiative Flux Density Vector
aL{

-" .K (D9) & t= x,y,z (18)
K &

where q& is the net radiative flux density in & direction.

The Total Incident Flux Density

G- [ (010) C L (19)

-x y 9 z Z
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The values of the coefficients (D),, (2), ..... (DIO), for the models considered are given in
Table 1.

Table 1. Values of coefficients for the flux-type models tested.

Model 1 Model 2 Model 3 Model 4 and 5 15
Coefficient (De Marco and Lockwood) (Moment) (Discrete-Ordinate) (Schuster-Schwarzschild)

(l 1 1 1
(2) 8/3 5/3 1-7/2-
( 3), 2/3 1/6 1/2 , next/2
(04)' 2/3 1/6 1/2r remaning</2-
(D5)" 3/2 3/2 3/2 -/l
(D6)/ 1 3/4 2/3 A.2
(D7) 0 1/8 1/6 2Br/
(08) 0 1/8 1/6 2 C'/
(D9) 2/3 2/3 2/3
(OlO 2/3 2/3 2/3

5. TEST PROBLEMS

The flux-type models considered have previously been tested by making predictions for two idealised
enclosure problems for which accurate results have been produced previously by Jenner, and reported by
De Marco and Lockwood 1131. Both enclosure problems are based on an assumed uniform distribution of the
radiative energy source term (Q) throughout the enclosed gaseous medium. This use of a pre-specified
distribution of Q (although far removed from the highly non-uniform distribution which would be expected
to occur in a furnace or heater) effectively de-couples the modelling of radiative energy transfer from
other physical phenomena and, thereby, removes the necessity for simultaneous modelling of flow, reaction
and other mechanisms of heat transfer, which is involved in any complete prediction of operating enclosure
behaviour.

Enclosure A is cubic in shape, of side length 10 m, and filled with a grey gas of uniform absorption
coefficient 0.2 m-

1
, within which the radiative energy source term is uniform (i.e. Q=20kW m-

3 
at each

point within the gas). Two of the walls are radiatively adiabatic, and the other four have specified
uniform temperatures and emissivities, as shown in Figure 2. Jenner's results for the average radiative
flux densities from the enclosed medium to each of the sixteen smaller squares on the shaded face have
been used as the basis of comparison for the flux-type model predictions for the cube.

1200 K RADIATIVELY
E= I ADIABATIC

OFtRADIATIVELY
ADIABATIC T

700K

0:O'8

,e uin

Figure 2. Cubic enclosure A.



Enclosure B is a box of size im x Im x 4m, containing grey gas of uniform absorption coefficient 2m
m

within which the radiative energy source term is zero at all points (Q = 0). All six bounding walls are
radiatively black and have specified uniform temperatures, as illustrated in Figure 3. As with enclosure
A, Jenner's results for the sixteen average flux densities to the smaller squares on the shaded face
provide the basis for testing the flux-type model predictions.

E I ON ALL SIX WALLS EAO
I300 K T

I / "

300 K

300 K

/5 K

le 4m

1200 K

Figure 3. Rectangular parallelepiped shaped enclosure B.

7. NUMERICAL SOLUTION OF THE FLUX-TYPE MODEL EQUATIONS

The common equations for the flux-type models (Eqs. (15) and (16)) have been solved for both enclosure
problems by using the finite-difference technique for replacement of the differential terms occurring on
the left-hand side 115,17j. A grid of 5 x 5 x 5 points has been employed for enclosure A, and a grid of
S x 5 x 17 points for enclosure B. The resulting sets of 3 x 5 x 5 x 5 and 3 x 5 x 5 x 17 simultaneous
algebraic equations in the unknown values of L (&= x,y and z) at the grid points have then been solved by
making initial guesses for the unknown values, and iterating to produce new values. The iterative
procedure employed was one developed by Peacenan and Rachford 22lfor numerical solution of the algebraic
equations resulting from finite difference representation of the differential equation for steady-state
conduction in a solid. With this procedure, convergence of iteration has been assumed to be complete when
each of the values of L& at every grid point differs by less than a prespecified percentage from its value
in the previous step of iteration.

8. EVALUATION OF THE FLUX-TYPE MODEL PREDICTIONS

Average radiative flux densities to the sixteen small squares on the shaded face of enclosure A have
been produced using Models 1, 2, 3 and 4 115,171. The percentage errors in the predicted average flux
densities are shown in Table 2.

Predictions for enclosure B have also been produced using Models 1, 2, 3, 4 and 5 I15,171. The
percentage errors in the average flux densities predicted using the five models are shown in Table 3.

A condensed comparison of the flux-type model predictions is contained in Table 5. Four values are
given for each model; the maximum point percentage error and the average absolute percentage error both of
which give measures of the accuracy of prediction of point flux densities; the average percentage accuracy,
which reflects the accuracy of prediction of the total net radiative flux to the surface; the number of
iterations necessary to produce convergence of the iterated solution i, within 0.01% of the values in the
previous iteration at all grid points, which measures computing time.



Table 2. Monte-Carlo based flux density predicticos for enclosure A, and errors in flux-type predictions.

Square 1 2 3 4 5 6 7 8

qxlO
4 
W/m

2  
8.68 9.51 8.77 6.72 7.98 8.06 7.70 6.15

Model I - 8.93 - 3.12 - 1.19 +14.18 +10.04 + 5.67 + 3.04 +12.33
z Model 2 +10.15 - 1.92 + 0.43 +17.37 +10.78 + 6.59 + 4.48 .15.45

errors Model 3 -25.33 -23.54 - 5.71 -14.36 -24.07 -22.98 -15.24 -17.49
Model 4 + 8.26 - 3.58 - 1.14 +16.06 + 9.14 + 5.06 + 3.16 +14.49

Square ____ 9 10 11 12 13 14 15 16

qxlO
-4 

W/m
2  

7.29 7.52 6.99 5.56 5.14 5.38 5.08 4.55

Model 1 , 6.79 + 0.25 + 0.16 + 9.10 +23.09 +13.98 +12.30 + 9.12
Model 2 + 7.61 + 1.25 + 1.73 +12.37 +25.25 +16.25 +15.26 +13.60

errors Model 3 + 0.26 -14.11 - 3.02 +12.37 +16.58 + 6.38 +15.82 +24.74
Model 4 * 6.01 - 0.17 + 0.54 +11.64 +22.74 +14.14 .13.68 .13.14

q= Average flux density to the square from the medium, predicted using the Monte-Carlo method.

Percentage error= (1-flux model value/Monte-Carlo value)xlOO

Table 3. Monte-Carlo based flux density predictions for enclosure B, and errors in flux-type model
predictions.

Square 1 2 3 4 5 6 7 8

-qxtO
-4 

W/m
2  

10.0 9.39 9.50 10.0 9.47 8.81 8.67 9.57

Model 1 + 4.85 + 7.35 + 6.15 + 4.99 + 6.44 + 9.00 +10.82 + 5.50
Model 2 +10.11 +13.00 +11.74 .10.25 +12.05 +15.13 .17.05 +11.03
Model 3 + 2.20 + 6.56 + 5.37 + 2.31 + 5.66 +10.85 +12.68 + 4.68

errors Model 4 + 5.63 + 8.42 + 7.21 + 5.76 + 7.51 +10.45 +12.30 + 6.53
Model 5 - 1.61 - 0.46 - 1.57 - 1.49 - 1.30 - 0.68 + 0.97 - 2.18

Square 9 10 11 12 13 14 15 16

-qxlO
-4 

W/m
2  

9.51 8.65 8.72 9.27 10.1 9.52 9.51 10.0

Model I + 6.04 +11.08 +10.24 + 8.95 + 3.95 + 6.05 + 6.20 + 5.13
Model 2 .11.62 +17.32 +16.43 +14.67 + 9.16 +11.62 +11.78 .10.39
Model 3 + 5.26 +12.94 +12.08 + 8.11 + 1.30 + 5.23 * 5.38 + 2.42

errors Model 4 + 7.10 +12.55 +11.70 +10.02 + 4.71 + 7.09 + 7.25 + 5.88
Model 5 - 1.67 + 1.20 + 0.44 + 1.02 - 2.47 - 1.67 - 1.52 1.36

q= Average flux density to the square from the medium, predicted using the Monte-Carlo method.

Percentage error= (1-flux model value/Monte-Carlo value)xlOO

Table 4. Comparison of flux-type model prediction of surface fluxes.

Average
Maximum absolute Average Number of

Problem Model % error % error % error iterations

1 + 23.09 8.33 + 6.83 28
Enclosure A: 2 + 25.25 10.03 + 8.65 19

Cube 3 - 25.33 15.12 - 5.61 10
- , 4 + 22.74 8.93 + 7.17 11

I + 11.08 + 6.94 + 6.94 26
" Enclosure B: 2 + 17.32 +12.59 +12.59 17

Cube 3 + 12.94 + 6.25 + 6.25 9
4 + 12.55 + 8.01 + 8.01 14
5 2.47 + 1.35 -0.94 8

. . . . .. ....



I

As can be seen from Table 4, the six-term Discrete-Ordinate model (Model 3) and the six-flux model
witn eq u al subdivisions (Model 4) economically produce good results for both enclosures, and is, overall,
better than Models I and 2. The additional advantage of using a subdivision based on the geometry of the
enclosure is demonstrated by comparison of the results obtained for the box-shaped enclosure. Model 5
produces a substantial improvement in both accuracy and economy.

S.. CLI, jSIONS

For the prediction of three-dimensional radiative energy transfer in rectangular furnaces, the
siX-flux model of Schuster-Schwarzschild type utilising subdivisions of the total solid angle based upon
the jeometry of the enclosure has been shown, by comparison with other flux-type models and Monte-Carlo
results, tc produce acceptably accurate predictions and savings in computational expense. It should,
trerefore, prove to be a useful component for incorporation into existing procedures for complete
."themilical modellino of combustion chambers.
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DISCUSSION

PRamette, Fr
Pour le modme de flux de Schuster-Schwarzschild avec des divisions d'angle solide in~gale , q.,elle est la methode
pour determiner [a dimension des diff~rents angles solides?

Author's Reply
Subdivision of the total solid angle surrounding a point depends on the position of the point within the enclosure.
For a particular point under consideration, the subdivision is achieved by conneciing the point to the corners of
the enclosure.

D.Grouset, Fr
Le module n' I est celui de Lockwood et Marco.

11 considre une distribution polynominale du flux en chaque point et decoupe l'espace en six angles egaux.

Avez vous essay6 la formulation de Lockwood el Shah qui utilise la meme distribution polynominale mais decoupe
1'espace en six angles solides ingaux. Lockwood et Shah annoncent de meilleurs r~sultats dans le cas de distributions
anisotropes.

Author's Reply
No. I have not tested the accuracy of the flux-type model proposed by Lockwood and Shah.

/J
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A computational model for predicting the rate of heat released during combustion of a fuel injected

into a combustion chamber is proposed. In the muthematical model the burninq rate was based on the ignition
of combustible mixture elements formed, each having different ignition delays, depending on the state param-
eters they were subjected to in the combustion chamber. The rate of heat release was related to the rate of
evaporation of the injected fuel. The rate of evaporation of the fuel was related to the size distribution
of the fuel droplets which was divided into several groups with different diameters. The diameter and tem-
perature histories of the droplets in each group were simultaneously obtained depending on the instantaneous
droplet velocity, the rate of injection, type of nozzle, fuel and heat transferred to the evaporating drop-
lets. The total evaporation rate of the fuel at any instant was the summation of the evaporation rates of
all the droplets present in the cylinder at any time.

LIST OF SYMBOLS

Ap Projected area of droplet (m
2

a Radius of droplet (m)

CD Drag coefficient

c Specific heat at constant pressure (kJ.kglK
I
)

D Diameter (m)

Ds  Sauter mean diameter (m)

Df Diffusion coefficient

Ev Total rate of evaporation (kg.s

F Drag force (N)
Latent heat of vaporization (kJ.kg

-
l
)

k Thermal conductivity (kW.m-
1
.K

-
)

M Mass (kg)

m Mass of a single droplet (kg)

N Number of droplets I
Nu Nusselt number

Q Heat transferred (kJ)

Qv Amount of fuel delivery (mr
3
e

q Heat flux (kW.m
-2

P Pressure (kPa)

Pr Prandtl number

Re Reynolds number

r Radial distance (m)

Sc Schmidt number

Sh Sherwood number

T Temperature (K)

t Time (s)

V Velocity (m.s-l

v Volume of single droplet (m )

W Weber number

X Mole fraction

y Weight fraction

O Thermal diffusivity (m .s

Stefan-Boltzmann constant (kW.m
2 
.K

"4
)

6 IF Boundary layer thickness (m)

&h  Thermal boundary layer thickness (m)

E Emissivity

A Surface Tension (N.m
" )
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W Dynamic viscosity (kg.m .s

p Density (kg.m
"3)

0,t Ignition lag (ms)

0 Equivalence ratio

Subscripts

i i th specie
g Gas
f Droplet
inj Injection
m Mean
n Nozzle
T Total
0 Initial
c Cylinder
cr Critical
s Droplet surface
h Convective
r Radiative
ref Reference
mix Mixture

INTRODUCTION

A variety of combustion engines operate on the principle of mixing the fuel and oxygen in the combus-
tion chamber. The fuel admitted in as a liquid has to vaporize and form a combustible mixture. The proposed
combustion model is for fuel injected into high pressure hot air.

The rate of formation of the combustible mixture will affect the rate of heat release during combustion.
In the case of intermittent operation the combustion during fuel injection may be examined in two parts.
Initially some of the fuel injected into high pressure hot air will evaporate and form a combustible mixture
during the initial ignition delay period. Therefore the combustion at the end of the delay period will be
for a premixed fuel/air mixture. At this instant the yet unevaporated fuel at the core of the spray and the
further injected fuel will form a highly rich mixture. A diffusive combustion will continue as more air is
entrained into this mixture.

The ignition delay may be divided into physical dnd chemical ignition delays. After the start of in-
jection, pockets of combustible mixture having approximately stoichiometric air/fuel ratios will be formed
around the boundaries of the spray depending on the evaporation of fuel droplets and mixing with air. An
element of combustible mixture formed at any instant at a sufficiently high temperature and pressure will
be submitted to pre-flame reactions. The rate of these reactions will depend on the chemical composition,
temperature, pressure and air/fuel ratio of the mixture. It has been experimentally observed that the rate
of these reactions increase to very high values after a certain time interval which is termed as the chem-
ical ignition delay period. It is assumed that the concentration of some of the partial products of the
pre-flame reactions which act as chain carriers build up to a critical value after which the rate of the Ireaction suddenly increases.

After ignition as the temperature and pressure of the mixture increases the rate of preflame reactions
will increase and thus the time required for the chain carriers to build up to a critical value will pro-
gressively decrease and this will lead to an explosive type of combustion.

OUTLINE OF THE MODEL

In this model it was assumed that the liquid fuel was discharged at a high velocity into the combustion
chamber in the form of ligaments which broke up and contracted into droplets. The time required for the
formation of the droplets was neglected. Therefore, it was assumed that the fuel was introduced in the form
of a group of droplets of variable size.

The relative velocities of the droplets with respect to the gas in the chamber varied depending on
their size, the injection rate of fuel and the density of the surrounding gas.

It was assumed that the droplets did not interact physically or thermally with each other during their
travel. The droplets evaporated at varying rates of evaporation depending on their size, relative velocity
and the thermodynamic state of the gaseous medium.

Droplets within predefined size ranges were assumed to be all at the mean diameter of the specified
size range. Therefore the rate of evaporation of all the droplets was calculated by considering only the
droplets having the mean diameters at the specified size ranges. L

The evaporation process had an important effect on spray combustion and in the simulation model the
knowledge of evaporation rate was used in predicting the burning rate. The rate at which a combustible
mixture was formed was assumed to be determined by the rate of evaporation.

The chemical ignition delay of an element of combustible mixture was defined as the time from its
formation until its ignition. Its magnitude depended on the temperature, pressure, chemical composition
and the air/fuel ratio of the combustible mixture. Therefore the ignition delays of the combustible mixture
elements formed at different Instants would be different since they would all have different histories of
temperature, pressure and oxygen concentration. Following the initial ignition of the combustible mixture

... ... .... . . . . ...... .... . . . _ _ _ _ _ _ _ .. ....... . .--__ _ _ ,_ _ _ __,
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L Dynamic viscosity (kg.m .s

p Density (kg.m
-3)

o,T Ignition lag (ms)

P Equivalence ratio

Subscripts

i i th specie
g Gas
f Droplet
inj Injection
m Mean
n Nozzle
T Total
o Initial
c Cylinder
cr Critical
s Droplet surface
h Convective
r Radiative
ref Reference
mix Mixture
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A variety of combustion engines operate on the principle of mixing the fuel and oxygen in the combus-
tion chamber. The fuel admitted in as a liquid has to vaporize and form a combustible mixture. The proposed
combustion model is for fuel injected into high pressure hot air.

The rate of formation of the combustible mixture will affect the rate of heat release during combustion.
In the case of intermittent operation the combustion during fuel injection may be examined in two parts.
Initially some of the fuel injected into high pressure hot air will evaporate and form a combustible mixture
during the initial ignition delay period. Therefore the combustion at the end of the delay period will be
for a premixed fuel/air mixture. At this instant the yet unevaporated fuel at the core of the spray and the
further injected fuel will form a highly rich mixture. A diffusive combustion will continue as more air is
entrained into this mixture.

The ignition delay may be divided into physical and chemical ignition delays. After the start of in-
jection, pockets of combustible mixture having approximately stoichiometric air/fuel ratios will be formed
around the boundaries of the spray depending on the evaporation of fuel droplets and mixing with air. An
element of combustible mixture formed at any instant at a sufficiently high temperature and pressure will
be submitted to pre-flame reactions. The rate of these reactions will depend on the chemical composition,
temperature, pressure and air/fuel ratio of the mixture. It has been experimentally observed that the rate
of these reactions increase to very high values after a certain time interval which is termed as the chem-
ical ignition delay period. It is assumed that the concentration of some of the partial products of the
pre-flame reactions which act as chain carriers build up to a critical value after which the rate of the

reaction suddenly increases.

After ignition as the temperature and pressure of the mixture increases the rate of preflame reactions
will increase and thus the time required for the chain carriers to build up to a critical value will pro-
gressively decrease and this will lead to an explosive type of combustion.

OUTLINE OF THE MODEL

In this model it was assumed that the liquid fuel was discharged at a high velocity into the combustion
chamber in the form of ligaments which broke up and contracted into droplets. The time required for the
formation of the droplets was neglected. Therefore, it was assumed that the fuel was introduced in the form
of a group of droplets of variable size.

The relative velocities of the droplets with respect to the gas in the chamber varied depending on
their size, the injection rate of fuel and the density of the surrounding gas.

It was assumed that the droplets did not interact physically or thermally with each other during their
travel. The droplets evaporated at varying rates of evaporation depending on their size, relative velocity
and the thermodynamic state of the gaseous medium.

Droplets within predefined size ranges were assumed to be all at the mean diameter of the specified
size range. Therefore the rate of evaporation of all the droplets was calculated by considering only the
droplets having the mean diameters at the specified size ranges.

The evaporation process had an important effect on spray combustion and in the simulation model the
knowledge of evaporation rate was used in predicting the burning rate. The rate at which a combustible
mixture was formed was assumed to be determined by the rate of evaporation.

The chemical ignition delay of an element of combustible mixture was defined as the time from its
formation until its ignition. Its magnitude depended on the temperature, pressure, chemical composition
and the air/fuel ratio of the combustible mixture. Therefore the ignition delays of the combustible mixture
elements formed at different instants would be different since they would all have different histories of
temperature, pressure and oxygen concentration. Following the initial ignition of the combustible mixture
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elements as the temperature and pressure increased the ignition delays of successively formed combustible
mixture elements would progressively decrease resulting in a high rate of heat release imposing an explosive
nature on the early stages of combustion. Therefore the rate of heat release during this stage would depend
on the rate of change of the time difference between the formation and ignition of the successively formed
combustible elements. This difference would decrease to a negligible value as the premixed air/fuel mixture
burned such that the rate of heat release during the later stages of combustion, of the yet unevaporated
fuel at the core of the spray and the further injected fuel, would depend on the rate of formation of the
combustible mixture elements.

FORMULATION OF THE MODEL

The formulation of the model has been based on previous theoretical and experimental work done by
various investigators on droplet evaporation, spray formation and simulation of the thermodynamic cycle of
compression ignition engines. Therefore this study may be viewed as an analysis and synthesis of various
independant work leading to a droplet evaporation rate controlled combustion model.

GROUPING OF THE DROPLETS IN SIZE RANGES

The rate of evaporation of the fuel was derived from the rate of evaporation of single droplets. The
spray of injected fuel is a grouping of droplets having very many different diameters. In order to simplify
the analysis of such a spray the droplets were classified into several size ranges. The analysis was then
carried on for only a number of droplets equal to the number of size ranges. The sauter mean diameter was
selected as a reference since the surface area and volume of a droplet affected its evaporation.

The sauter mean diameter is defined as the diameter of a droplet that has the same surface to volume
ratio as that of the total spray.

NT 3
N i Di

D- 1=1 (1)
s NT

s N Ni D2

i1 

1

The empirical relation used for finding Ds depending on the effective injection pressure, gas density
and quantity of fuel delivery was [13:

-0.135 0.121 0.131Ds=AA} (c (qv (2)

where A was a constant depending on the type of nozzle. The mean effective pressure drop, P, was determined
from the equation of incompressible flow through an orifice;

PV 
2

AP = f inj (3)

2C

The nozzle flow coefficient, C, has been determined [21 from an analysis of a set of experimental data,
which included a number of different nozzles. The results indicated a constant coefficient of 0.78, inde-
pendent of the pressure or Reynolds number. A value of 0.8 was used in this study. The mean injection veloc-
ity was determined from;

nj dM (4)
I r'Pf'Dn

and the mean injection rate was:

d~mMT(5)
dt tni. inj
The size distribution, with respect to the sauter mean diameter, of the droplets in a spray was exper-

imentally investigated [I]. The droplet size data were obtained for various types of nozzles, various back
pressures, different sampling positions, various pump speeds and various rack positions of the injection
pump. The following non-dimensional expression, independent of the operating conditions and the nozzle type
was used in this study for the size distribution of the droplets sprayed into a high pressure gaseous
environment:

dM - 13.5 (!) 3 
Exp E-3 (D-)] d(-.D) (6)

MT 0s  
0
s Ds

The fuel injection rate was expressed in a polynomial form. The amount of fuel injected was determined
by integrating this injection rate curve.

As a result of assuing that the droplets were grouped into several size ranges equation (6) was
expressed for discrete size ranges Flg.(l).

tL
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FIGURE I. SIZE DISTRIBUTION OF DROPLETS

Therefore the mass fr lati v of the droplets in discrete size ranges for a mass of fuel element, iecinjected in an incremental was:

M. 0. 3 0 D.

LMfinj D D D

and the number of droplets in a specific size range was:

6M.

V = - - (8 )

RELATIVE VELOCITIES OF THE DROPLETS

It was assumed that the relative velocity between a droplet and gas did not exceed a certain critical
velocity determined by the droplet diameter, gas density, surface tension of the fuel and the critical WeberI number. Therefore the initial relative velocities of the droplets without considering the different direc-
tions in which they traveled was:

=o . dM 1 (9
Tr of D n dt

and for V > V ;

ao =Vcr (10)

where

V cr(2 ' Wcr) 1/2 (11)
Pg Di

A critical Weber number of 10 was used as suggested in reference [3].

The equation of motion of a single droplet, neglecting gravitational force is:

dV 
i

m i d + Fi = 0 (12)

where

Fhere C0  (-f v ) A (13)
Fi 1 D 2 pi
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where the drag coefficient CD was given as;

c 24 (Re < 0.48)
Re

C = 27 (0.48 < Re < 78)
D Re 08

C = 0.271 (Re > 78)
O Re

and substituting in equation (12)

dVi 3 C

dt 
4
D i 

4f

Equation (14) was solved by using the initial condition V at t=O.

EVAPORATION OF A SINGLE DROPLET

As the droplets traveled through high temperature and pressure gas they were subjected to heat and
mass transfer. It was assumed that the droplets were spherical and that they did not interact with each
other. The temperature of the droplets, which were assumed to be radially uniform, increased during their
travel depending on the enthalpy carried out by mass transfer and the convective and radiative heat
transferred from the surrounding gas. The diameter of the droplets decreased depending on mainly the rate
of mass transfer and the effect of the change of the specific volume of the liquid with temperature was
neglected.

A spherical boundary layer of vaporized fuel was formed around each droplet. The thickness of this
boundary layer depended on the size and velocity of the droplet as well as the mass diffusion coefficient
and density and viscosity of the gaseous phase. Diffusion of fuel was assumed to be due to the driving
force of the concentration gradient in the boundary layer. The boundary layer was assumed to by spherically
symmetrical with only radial heat and mass transfer.

A spherical fuel droplet of uniform temperature Tf and radius a in the surrounding gas of bulk mean
cylinder temperature T (Fig.2) received heat from the ambient gas as vapor flowed out from the droplet.
The rate of mass transfer at an arbitrary radius from the droplet centre could be expressed in the following
form of Fick's first law with respect to stationary coordinates:

mnf = yf (mf+ mg) -4 r
2  

g Dfd (15)
f Yf f 9 g fdr

Assuming that the flow of cylinder gas into the droplet was negligible, that is mg = 0, equation (15) became:

. 4 r r
2 Pg Df dYf (16)

m - yf dr

The fuel vapor weight fraction profile was obtained by a mass balance;

d(if) 0 (17)
dr

Substituting mf from equation (16) gave the following nondimensional relation;

(x 2 dyf m dyf
dx dx 

4  
a pg f dx

where x and - D) 0.
a dr g

The boundary conditions for equation (18) were
xI 1 Yf =YS I

a+6f

x2 = •-Yf =~ /)

Solving equation (18);

y(x) - Ys IExp(-e/x 2 ) Exp(-/x)(19)
Exp(-e/x2) -Exp(-e)

Q' J(9
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FIGURE 2. CONCENTRATION AND THERMAL BOUNDARY LAYERS
AROUND AN EVAPORATING DROPLET

where

mf
4 v a pg Df

Expressing equation (16) at the surface of the droplet with diameter D;

m- x (20)f l - Ys dx xx

Differentiating equation (19) and substituting into equation (20);

m f = 2 r pg Df (D + 26f) In (1 - ys) (21)

where

6 f = S -D 2 ( 2 2 )

and the Sherwood number, Sh, was calculated from the following empirical relation [5];

Sh = 2 + 0.6 Re1"2 
Sc

1/3  
(23)

where the Reynolds and Schmidt numbers were respectively defined as;

Re = 9 (24)

Sc = 1 (25)

g f

The relative velocity, V, between droplet and gas was calculated through equation (14). The mass
diffusion coefficient, Df, was calculated by the following equation given by Hirschfelder [6];

IT 3  
1 1 1

= 2.628x10
"19  

, (26)
P.rab.ID
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where MaMb = Molecular weights of species a and b (kg/kgmol)

rab, Id = Lennard-Jones constants

P = Total pressure (atm)
I

rab could be evaluated from rab = 7 (ra + rb) where ra and rb were the collision diameters for each molecular
species. If they were not known Hirschfelder .6? recommended the fUl]owing relation:

T 1/3
r = 2.44 (c) (27)

P
cr

where Tcr and Pcr were the critical temperature and pressure of the species. Id was given in reference .6
if the parameter kT/Eab was known where the intermolecular potential parameter Eab/k was given as:

Eab Ea  Eb (28)

k k k

if E was not known Hirschfelder recommended the following relation:

E 0.77 T (29)

k cr

Since equation (26) gave better predictions at lower temperatures, the diffusion coefficient at higher
temperatures was obtained from the following relation [7];

Df C+Tref ( T )5/2 -- (30)
Dfref c+T Tref

where c was the Sutherland constant of the mixture. It was taken as the geometric mean of the values for
the species. In case it was not known it could be estimated from;

c = 1.47 Tbp (31)

where Tbp was the boiling point in degree Kelvin.

Fuel vapor weight fraction at the droplet surface, ys, was evaluated by assuming that the fuel vapor
was saturated at the droplet surface. The vapor pressure, Pv, of the fuel was obtained from the Antonie
equation;

log Pv = A - B (32)

Tf+C

where A, B and C were constants obtained from reference [8]. The mole fraction of the fuel vapor at thedroplet surface was;

P

Xs = V (33)p

and the weight fraction of the fuel vapor at the droplet surface was

Xs Mf

s Xs Nf + (1-XS) M 3

The pl ysical properties in the boundary layer were evaluated closer to the wall than the mean film

value as recomended by Hubbard [93

T ,T Tf + 1 (To - Tf) (35)

* f l fnd Tc were temperatures at the surface and far away from the evaporating droplet respectively. -

I* e to find the instantaneous droplet temperature an energy balance was applied;

,Of dT f
fe + ( C 36)

aiw -0 4, 9 %(37)

v (38)

.4..
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and c = 0.49 from reference [10]. Assuming a quasi-steady process the convective heat flux from the mixture
of fuel vapor and gas in the boundary layer to the droplet could be expressed in terms of the temperature
in the thermal boundary layer at the surface of the droplet;

dTmix r-a (39)

h kmix dr r=a

The temperature profile could be found by applying an energy balance to a spherical shell in the thermal
boundary layer;

d 2 dTT 0(

-[4 ir r ki, - + C~ mf mix40
dr dr pmix f 

m ix

The boundary conditions were;

Tmix = Tf at x = I

T m i x  = T c  a t x = --

a

where x = - *a

The solution of equation (40) was

T(x) = T Exp(-P/x) - Exp(-P) Exp(-/x 2) - Exp(-tpx) (41)
Exp(-4/x 2) - Exp(-W) Exp(- /x2) - Exp(-l)

where s = f (42)
4 i a pmix Cmix

and x a+
6 
h (43)

a

The temperature profile at the droplet surface was;

dTmix x P(Tf - TC) (44)

dx x=l l-Exp[4(x
2-l)/x2]

The thickness of the thermal boundary layer, 
6
h' was given by [11],

6h 
=  

D (45) F-
and from [5];

Nu = 2 + 0.6 Re
1
1
2 

Pr 
1
/3 (46)

where a constant value of 0.7 was taken for the Prandtl number.

Having calculated, qh, from equation (39) by substituting equations (44) and (45) the rate of change

of the droplet temperature was expressed from equation (36) as;

dTf . 1 [hfg I f + iD
2  

+ q)] (47)

dt m cpf

The rate of change of the droplet diameter in terms of the rate of evaporation was;

dvf (48)
lf dt

Therefore

dD 2 (49)dt 7o

Equations (47) and (49) were solved simultaneously. S I-

_____________ is.



hEAT RELFASE RATE

The cherical iqnition delay of various homo geneous fuel/air m:ixtures at constant temperature, pressure
and oxygen concentration were experimentally correlated as 12,13,14;

- = A p6 :C LXP (D, (50)

in the case of varyinn temperature, pressure and equivalence ratio.. Livengood and Wu ,2 proposed
the fcllowinq relation for the ignition delay;

dt = 1 (51)

The above integral could be solved with a state, time history of the process. It was assumed that an
element of combustible mixture did not release any heat during its delay period and was converted into
final products releasing its total energy when it ignited.

Depending on the rate of evaporation of the fuel and mixing with air, an element of combustible
mixture was toriied at each incremental time. For an element of combustible mixture formed at time t
equation (51) was expressed as;

t+: dt 
(2

- 1 (52)
t )t)

Instead of calculating equation (52) separately for each element of combustible mixture formed, Nagao
et.al. 15 proposed to introduce the time variable z for scaling the formation of combustible mixture to

distinquish it from the time variable t for measuring the heat release rate. The origin of both variables
were taken as the formation of the first element of combustible mixture. A mixture element formed at time
z ignited at timf t after a delay period of i such that;

t -(53)

The relationship between z and t was given as;

dz - 2) (54)

dt o(t)

with the initial condition z(-co) = 0 where To was calculated from equation (57).

In order to obtain the rate of heat release the amount of available energy at any instant was defined
as;

c(z) = Ev(Z) QL (55)

where Ev(z) was the total evaporation rate of the fuel which was found by summation of the evaporation
rates of all the droplets present in the combustion chamber at any instant. Referrinn to Fig.(3) an element
of combustible mixture formed at time z, and having an available energy of c(z).Az, ignited after a delay
period at time t, releasing its energy in the form of heat;

C(Z).Az = Qh(t).At (56)

Expressing in differential form;

Qh(t) = c(z). (57)
dt

and substituting equation (54), for t > to

Qh(t) - c(z). 2I!I (58)
3(t)

wiere -(z) was interpolated from the stored history of o(t).

CPITICAL REVIEW UF THE MODEL

The model based the rate of combustible mixture formation on the rate of evaporation of the fuel. The
accuracy of the empirical expressions relating the sauter mean diameter and the size distribution of the
droplets were directly reflected on the calculated rate of evaporation which was dependant on the diameter
of a droplet. The accuracy in the prediction of the diffusion coefficient for the fuel vapor-air binary
system by equation (26) was within 7 to 8 percent [7] which had a proportional effect on the accuracy in
determining the rate of evaporation of droplets.

In the model a phase of rapid combustion was followed by a phase of diffusive combustion. In the

latter stage all mixture elements once formed were assumed to burn almost without delay. In reality the
evaporated fuel mixed with the fresh air and formed a combustible mixture. The air movement and the spray
form thus have an important effect on the formation of combustible mixture during this period. However, in
the model it was assumed that the evaporated fuel immediately found enough air to form a combustible mixture,
thus the rate of mixture formation was assumed to be the rate of evaporation. This would probably cause

ia
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FIGURE 3. SCHEMATIC REPRESENTATION OF THE RELATION
BETWEEN THE RATE OF HEAT RELEASE AND THE

AVAILABLE ENERGY

the prediction of a higher rate of burning during the diffusive combustion stage.

The motion of the air into which the fuel was injected was not included into the model. However, air
motion will definitely affect the rate of evaporation of the fuel droplets and the availability of oxygen.

Therefore the model may be improved by considering the geometry of the fuel spray, the motion of the
gas in the cylinder and the variation of the concentration profiles within the spray cone.
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DISCUSSION

K.Collin,
I lave you compared your modelling with any real combustor or combustor rmeasuremnrits.

Author's Reply
Yes, the results were compared with the experimental results obtained from a Petter single cylinder. natuirally

aspirated, air cooled, four stroke direct injection diesel engine. Results were very satisfactory for the initial
pressure rie and maximum pressures.

P.Sanipath. ('a
lave you studied the interaction of one burning droplet with the evaporation of adjacent droplets'

Author's Reply
No, we did not. It was assumed that there was no interaction among droplets.

N.Sel]uk. To
Your model is for fuel injected into stationary air. Ilave you tested the accuracy of your model by comparing its

predictions with measured data?

Author's Reply
Yes, with successful results.

P.Ramette. [:r

Ne pensez-vous pas que ]'introduction de la vitesse de Fair dans votre modelisation modifiera considerablenient le

resultats, en particulier pour le taux d' vaporation des gouttelettes?

Author's Reply
Not necessarily. The heat transfer and mass transfer characteristics will change due to Reynolds number. Ilowever

the model is not restricted to stationary air. If air movement is introduced, it will affect the relative velocities of the

droplets.

I
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SOMMAIRE

La pr~diction d'6coulements turbulents rfactifs est effectuge A laide d'une
mlthode du type volumes finis implicite en temps. Le modile de combustion turbulente

permet de tralter les 6coulements rfactifs pour lesquels Ia richesse n'est pas homo-
gZne A l'entr~e. Le maillage utilis& pour la discritisation spatiale peut ftre adapts
A n'importe quel conduit plan ou axisym~trique. Les r6sultats num~riques sont du point
de vue qualitatif en accord avec les rlsultats explrimentaux. Par ailleurs, la mfthode
implicite est nettement moins corteuse en temps de calcul que Ia m~thode explicite
comportant les mgmes mod~les.

PREDICTION OF TURBULENT REACTIVE FLOW

SUMMARY

Turbulent reactive flows are predicted by a numerical finite-volume method
which is implicit with regard to the time. A model of turbulent combustion enables to

deal with reactive flows for which the mixture ratio is heterogeneous. The grid
proceeding from the spatial discretization can be applied to any shape of plane or
axisymmetrical duct. Numerical results are qualitatively in agreement with
experiments. Moreover, this implicit method is less expensive than the equivalent
explicit one concerning the time needed to reach the asymptotical regime.

NOTATIONS

C : constante du mod~le de turbulence de sous-grille

C chaleur sp~cifique A pression constante

Z coefficient de diffusion de masse

H enthaipie totale

o, ...eur de mlange"

: pres iuo

c : composante longitudinale de la quantit6 de mouvement

c : composante transversale de Ia quantit6 de mouvement

coordonn~e spatiale tranaversale

R constante de l'Squation d'itat

: nombre de Schmidt

A : temps

T : temperature

AA. composante longitudinale de Ia vitesse

V- composante tranaversale de Is vitesse

X coordonn~e spatiale longitudinale

Travaux effectus sous contrats DRET et SNEC4A



y fraction massique (respectivement pour les esp~ces K, 0, 1)

taux de reaction

Symboles grecs

c param~tre de la g~om~trie (Cf. texte)

S coefficient de frottement de paroi

aire du plc de Dirac en X,= 0

A Q chaleur de r~actlon

eQ masse volumique

Ty constante de temps du modgie de combustion turbuiente

S fraction massique d'une esp~ce inerte

Autres symboles

* mayenne classique

* moyenne de Favre

6 cart entre valeur instantange et moyenne

I - INTRODUCTION

Pour minimiser lea dimensions des chambres de combustion, en particuier dans lea moteura
d'avion, les transferts de masse, d'6nergie et de quantitg de mouvement dsns les 6coulementa qui y
circulent doivent Ctre les plus 6levgs possibies. Aussi, lea 6coulements r~actifs sont fortement
turbulents et ont souvent one g~om~trie complexe avec recirculation. C'est pourquoi la pr~diction
num~rique des 6coulements dana les chambres de combustion n'eat pss simple et eat fonction des mod~les
de flux at taux de rgaction turbulenta. Nganmoins, celle-ci eat d'un grand intgrigt pour diminuer lea
co~its de conception des moteurs.

Le pr~aent travail consiste en une mgthode numgrique de pr~diction d'6coulaments rgactifs se
d~veloppant dana des g~om~triea planes ou axisym~triques quelconques. Cette mrathode eat adaptge pour
calculer lea flammes pr~m~lang~es, avec hgtgroggnfiit~a de richesse, stabilisges par flamme pilote ou par
recirculation. Lea calculs pauvent atre effectu~a pour on large domaine de vitesses d'entrge, de 5 m/s
(valeur correspondant aux exp~riences de GANJI et SAWYER [1), PITZ at DAILY [2]) i 200 m/s, valeur A
partir de laquelle on risque d'obtenir on blocage thermique.

I La mithode numgrique, qui eat implicita en tamps donne l'6volution transitoire de l'6coulamant
mats la tailla du pas en temps et lea modgiles de turbulence sont compatibles seulement avec le r~gime

adaptable A n'importe quel conduit plan ou axisymttrtque.

2 - EQUATIONS DUi PROBLEME

Des 6quations de bilan sont r~solues simultangment pour Is masse totale, la quantit6 de
mouvemant (dana chaque direction de lespaca), l'enthalpie et Is fraction massique de chaque esace. La
moyenna de Favre eat utiliage A cause du fait qua is combustion rend lea Acoulementa tras fortement

compresaibles. Les 6quationa sont lea suivantes

(1) masse totale + P'~ - ~-+~I~ 0

(2) quantit de mouvement dana is direction longitudinale

(3) quantiti de mouvament dana la direction tranaverale

~t 91i

AA.'V A ] t -
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(4) enthalpie

(5) fraction rassique du combustible

(6) fraction massique d'une esace inerte

L'6quation d'6tat s'6crit

-2.

( 7 ) 
TH 

C

De faqon classique, on utilise un parsisatre pour fixer la gfiomftrie 0( 0 --- conduit
plan ; - 1 v~ conduit axisym~trique. Les flux de diffusion molficulaire sont n~glig~s devant les
flux de diffusion turbulente. Dana Is quantitfi H soot inclues lenthalpie physicochimique et l'fnergie
cin6Eique:

JH C TZ L+

Z Is chaleur dfigagge dens is reaction chimique, et C , is chaleur sp~cifique, soot
dans un souci de simplification supposfies constant. C'3a rreeL astres, que soieot vfirififies les

r- ion s temirature moysone. psut

slors aisfiment atre dfiduite A partir des valeurs de H et 7K .Dans l'fquation de l'enthalpie (4),
certaines corrfilations de vitesses provenant du terue d'&inergie cinfitique (.AAfu' , I , ... I

sont n~gligges du fa it que 4+ )/< V c2i.Avec ces hypothdaes, I'Lsquatioo d'enthalpie ne
contient pas de terme source exceptfiIs ; 11 apparalt que, pour des conditions aux limites
convenables (conduit adiabatique), lorsque la pression vanie lentesient dans le temps, Is solution eat:
H -Cte. Ainsi, l'fiquation (4) (cosine l'fiquation 6) o'appa~agt pas comme une Equation primordiale du
syst~sie. Par contre, 3'&iuation (5) qui contient le terse nwL provenant de la riaction eat fortemnt
coupi~e avec les Equations (1), (2) et (3) psr l'interm~diaire de l'Equation d'istat (7).

La fraction sassique doxydant eat dfiduite de l'6quatlon (6) dans laquelle is quantiti ~
reprfisente Is variable de Shyab-Zeldovich V x- YO . L'utilisation de cette variable suppose que
lea coefficients de diffusion des espaces 0 et K soot identiques et qua Is rfiaction chimique se rfieume

K + V 0 -bProduits

Cette hypoth~se eat compatible avec ls tsod~le de combustion turbulente pour lequel il sat
SUPPOSE que Is m~lange turbulent ert l'effet prgpondsrant dens is pilotage de Is rbactlon. Pluslaurs
Equations corns (6) sont rfisolues aimultan~ment. Leur solution dfipend seulement des conditions aux
limites qui soot apficifiques 41 chacune d'elles.

3 - ?4ODELES DE TURBULENCE

Les corr~lationa qul apparaissent dana lea Equations de bilan doivent Atre modfilis~es. Les
flut ds diffusion turbulesnte sont. de faron cassique exprimfia en fotiction des gradients des valeuare
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(10) '0<

Comme la quantit6 1I contient le terme Y 9 le nombre de Lewis turbulent doit 4tre
suppos6 6gal A I pour que ViigaIlt6 (9) solt v~riffie.

Selon les cas, diff~rentes hypoth~ses de fermeture sont considgr~es ;ces hypothases tiennent
dans les mod~les algfibriques simples suivants:

-' et = - .8

-modale de longueur de m~lange etL 0.83

Ce mod~le est appliqu6 aux Ecoulements pour lesquels Ia vitesse tranaversale eat en tout point nfigli-
geable par rapport A la vitesse longitudinale (donc sans recirculation)

-mod~ie de sous-grille +- avec Cet 6

On a poaB Aj *L pour tenir compte du fait que cette formule a 6tfi 6tabiie seulement
pour une g~om~trie bidimensionnelle plane. Seule is turbulence dont 1lfcheile est inf~rieure A la taille
de ia maille de calcul eat prise en compte par ce modale. L'autre partie de Is turbulence eat censfie
apparatre sous la forme d'instabilitfis, le r~gime asymptotique Etant alors instationnaire.

4 - MODELE DE COMBUSTION TURBULENTE

Un modale de combustion turbulente a 6t6 6tabli avec cea hypothasea

- Is richease eat partout inf~rieure A 1,I - le temps caract~ristique de la chimie eat beaucoup plus petit que le tempa c-aractgriatique de Is
turbulence.

Ce mod~le a fitf 6tabli A partir du modgle lagrangien d'interaction par fichange avec la mayenne

dit EM 31 ui sppoe qe Y satisfait l'6quation suivante

Cette fiquation nWest autre que l'fquation de bilan

dYK _

dana laquelle le terme de diffusion a fit6 rodfilis4 par Y(- I'K.

La seconds hypothase impose pour 4AYr la forme reprfisentfie cur I& figure 1.

*,Conformiment A is prenilre hypoth~se, l'oxydent eat suppoa&i en exc~a de sorte que It. Minimum
de YK eat uiro. La valeur maxImais de A..r eat suppoasfi grande de sorte que i'sre contenue sous

__is courbe A~ Y a uns valeur finie.

Etat dnn lafore e AI( K) on peut considirer que, pour YK >0 on a %V 0

-oau YK O/

- lotaque )" -10 'L)- = _
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on en d~duit que ZA= .L

Ty"

ryeat une fichelle de temps qui eat suppos~e relifie au, temps caractfiristique de la turbu-
lence. So eat l'aire du plc de Ia fonction densit6i de probabilitfi de Y.r (notfie '/K -Fop )en

YK -0. La connaissance de Zr eat subordonnfie A celle de S. . Pour la dtteruination de S. ,on

introduit une espice fictive inerte I qui eat injectfie exactement dans lea mtmea conditions que 1lespLce
combustible K.

Supposons que lea esp~ces K et I soient injectfies avec une fraction masaique allant de Y, I
Y,-Dana le plan YKA , lea particules gazeuaes constituant l'fcoulement sont r~partiea Sur

deux segments [AB] et [CDI (cf. fig. 2).

Etant donnfi que Is chimie eat tra rapide et que l'oxydant eat en exc~s, lea particules qot
br~lent arrivent immfidiatement aur le segment [AB] oiaYi eat nul d'un sutre c8tfi, lea particules
qui se is~langent sans brOler se d~placent sur le segment [CD) oa on a .X=Y La fraction de
particules qul sont Sur [AB] eat natorellement .Soit % la fonction densitfi de probabilitE
de YK ; on a

=fXK P(YK ( Y Y

Si lea formes de la distribution des particules sur chacun des segments JAB[ et [CDI Sont lea
m~mes, on a auasi p dY 1-

Come, aur le segment [CD], >Q eat figal I Y , tJK aut I et finalement

Y Yt Y . =" Y

Le taux de rfiaction moyan pout alors Atre expriat

Yeat calcul&i A partir d'une fiquation de bilan identique I l'tiquation (6) at ayant manes
conditions aux limites que l'fiquation (5). On pout noter que lorsque 1. combustible eat inject6 avec one
fraction massique unique et constante Y, , cc modal. simple de combustion turbulent. se riduit au
modIle bien conno dtnoeini "Eddy break up"

E fedane cc cas, 1a solution de l'Giquation de, bilanpor . sY, .

A iat d'information or 'r ce temps caractiristique eat pout proportionnel

5 - CONDITIONS INITIALES ER AUX LIMITES

Lee conditions initiales sont lkAat du Sax so repos. La miss an moovement eat obtenue per ue aug5m- I
tation progressive do Is pression d'arrit afont.

*Dong ls, section d'smtrte, on impose lea quantitfis suitatoe
- lsmthalpie.
- Ia fraction massiqus do cheque apice chimique.
- Is pression d'arrit ou Is flux de meas.
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Avant i'allumage, c'est ia pression d'arrgt qui eat imposge. Durant iailumage, il eat n~ceaaaire
d'iaposer le flux de masse dana chaque cellule de la section d'entrfie pour y 6viter des courants de
retour.

*A Ia sortie, on impose
- Ia preasion statique,
- lea gradients de chaque quantitfi scalaire C , .. )qul sont maintenus nuls.

*A Ia parot, on Impose un tranafert de chaleur soit nul (conduit adiabatique) soit proportionnel A une
certaine difffgrence de tempfirature. La contrainte visqueuse A la paroi eat exprim6e de la fa~on
suivante

be

-U..,r vitesse dana une ceilule limitfie par Is parot,

be Iongueur entre le centre de Is cellule at Is paroi,

?estu, coefficient inffariaur A I qui eat fonction du nombre de Reynolds bas6 aur is taille de Is
celiula. Ce coefficient eat nhceasaire pour prendre en compte le fait qua is sous-couche visqueuse a une
fipaisseur bian inffirieure A

6 - RESULTATS

La figure 3 prfisente lea rgisultats obtanus avec des donnfiea correspondant aux expfiriences de
PITZ et DAILY [I]. Sur la partie supfirieure, on a le champ de vitasse correspondant A l'ficoulement non
rdactif, aur Ia parrie Inffirieure, la champ de vitessa correapondant i l'Lscoulemant stabilis& en
combustion. La vitease mayenne amont eat 5 m/s. La richesse eat auppoafie conatante a l'entrfie et is
tempfirature de fin de combustion eat 1600 K. Le mod~le de turbulence eat le plus simple:

y-"= JL- 2.10-3 kg/ms. Cette valeur de 2 x 10-3 kg/ms eat celle qui donne Is maine
longueur de recirculation pour lafcoulement non raiactif que dana l'expfirience. Par ailleurs, le
frottement A la paroi eat aupposfi flevai. Comme on l'obaerve dana l'exparience, Is tone de recirculation
eat plus petite dana le cas de In combustion. On pout Penner que cola est M~ a1 expansion des gat
chauds. Nfianmoins, Ia recirculation calculae eat, pour l'ficoulement en combustion, de taille inffarieure
A cells qui eat observace dans l'expfirience. Cela paut s'expliquer par le fait qua Is calcul de
l'acoulement raiactif a 6t& raialis6 avec la meine valaur de la viscositfi turbulente que pour l'Acoulertent
non rfiactif. or, PITZ et DAILY ont mis en 6vidence le fait qua la rapartition de la turbulence eat
fortement inodififie par Is combustion.

La figure 4 prdaente lea lignes isotharmas obtenues avec des donnges correspondent a un foyer
de richauffa A daux accrocha-flammes toriques (g~om~trie axiayinatrique), las nivaux de vitasse et de
temp~rature d'6coulesent 6tant r~alistes. La richesse A 1 entree eat auppoage constants et Is teinpara-
ture de fin de combustion correspond A un milanga global stoechiomitrique. L:' iodlle de turbulence eat
le modlle dae lonaguaur de s~lange sauf au voisinage des accroce-flamines. Le frottement A ia paroi eatI suppos6 faible. La rendemant de combustion an fonction de is distance derrilre la accroche-flammes,
qu'il est possible de daduire de ces courbes, aemble corraspondre A Is rgalitg.

La figure 5 praisente lea courbes isothernes dana un ficoulement rfiactif atabilisa par flamme

pilote (gfiomfitrie plane). L'adaptation du modAle de combustion prfisent6 ci-dassus a ce type de stabili-
nation eat aisfe. Les conditions d'entrfie sont lea suivantes

- pour le il~ange air-combustible frets

Y, 0,05 (Combustible)

Y, , 0,05 (eapice inerte fictive),

- pour lea ga chauds de Is flamme pilote

Ym 0 (combustible),

'-0,05 (esp~ce inerte fictive).

Les ga chauds de Is flame pilots sont conaidfirfi comme une Partin de l'ficouleinent principal
qui a 6tA prfileAeg puis brfil. couplatement avant d'Atre injectlie dana Ia section d'entrlie.

Les figures 6 et 7 prisentent respectivement le champ de vitesse at lea lignes isotherues pour
un ficoulement rliactif stabilist par recirculation done une cavitli. Dana ce cam, M A-A, a aitf prim
constant. La vitesse moyenne et Is tempfrature amont sont raspectivesont 170 m/a at 525 K. A Is sortie,
com grandeur. peasant raspectivenent 1 340 in/s et 1150 K.

Par allieurs, des easais nuagriques ont 6tSi tentfis avec 1. modile de turbulence de sous-
grille. Des mouvementa du ga sont observlm ; cependant, on ne peut pan encore Stre ear qua eu
mouvements sont d~e aux grandam 6challew do Ia turbulence car, alec une viscoelti turbulente foible,
l'Sivolution tranuitoire pout Atre tellement longue que Ie rigise asyuptotique peut no pas avoir At&
atteint au cours de ces assais numfiriquem.
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7 - CONCLUSION

La m6thode numrique implicite permet dans le cas g~n~ral d'atteindre le rfgime asymptotique
des gcoulements rfactifs avec un temps de calcul relativement court. Par ailleurs, ia stabilisation est
obtenue avec plus de prlcision que par lea m6thodes explicites (pas de fluctuation numtrique).

Le modale de combustion turbulente est simple mas plus gfniral que le modale "Eddy break up"
souvent utilis6. 11 ne nfcesslte qu'une 6quation de bilan suppl~mentaire pour une espace inerte.

Lee rfsultats numriques sont du point de vue qualitatif en accord avec lea exp&riences.
Cependant, pour lea 'e oulements prisentant des recirculations, il semble n~cessaire d'introduire un
modale de turbulence k- 6 , ce qui comporte certaLnes difficult~s, lea iquations pour 4 et
Atant tr~s fortement couplfes.

Par ailleurs, l'un des avantages du code de calcul est que chaque cellule du domaine de calcul
peut A volonti Jouer le rgle d'un obstacle solide ou laisser le passage a l'coulement. Cela permet

l'adaptation facile A diverses ggomftries.
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Fig. 1 -Allure de courbe %; (YK.
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Fig. 2 -Allure des Fdp des esp~ces I et K

x 5 rn/s a) Sans combustion

b) Avoc combustion

Fig. 3 - Champvs de vitesse dri~e une marche.
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Fig. 4 - Courbes (sothermes dans un foyer do rechauffe.
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Fig. 5 - Courbes isothermes pour un e~coulement reactif stabiliseb
par f12-wme pilate.

170 rn/s 340mrns
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Fig.6 - Champ de vitesse pour un 6coulement r~actif stabilis6
par recirculation dans une cavitL%.

525,5K AT= 50K entre deux isothermes 1150K

Fig. 7 - Courbes isothermes Dour un bcoulement r6actit
stabilisi§ par recirculation dans dans une cavitil.
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DISCUSSION

N.Selquk. Tu
Have you done a quantitative comparison between the results of your model and experimental data"
Have you neglected the radiative energy in your enthalpy balance, and do you have comparisons for temperature?

R14ponse d'Auteur
Nous avons dteterrmin6 des rendements de combustion qui se recoupent a 5% pr~s avec des mesures faites sur oin
canal de r&hauffe. Dautre part des mesures de v~locim~trie laser effectu~cs dans une flamme derri~re une marche
sont en accord avec les calculs. en particulier pour la longueur de [a zone de recirculation.
Nous avons niglig les transferts radiatifs. En effet leS flux de diffusion turbulente sont pr~pond&ants par rapport
aux flux radiatifs. Nous navons pas effectu6 de mesures de temperature.

P.Ramette. Fr
Avez-vous essay votre programme de calcul avec un maillage non rectangulaire. pour mieux prendre en compte
des obstacles A l'intrieur de ]' coulement, par exemple dans le cas d'un accroche-tlamme?

Reponse d'Auteur
Maiheureusement non. Une des limitations de ce code de calcul est qu'il utilise n~cessairement oin maillage rec-
tangulaire.

J.Fabri
En auigmentant le nombre de mailles on peut pratiquement d~crire n'imiporte quel type d'obstacle.

P. Hebrard, Fr
Est-ce que vous utilisez la rn~ne viscosit turbulente dlans le cas avec combustion et sans combustion?
Pensez-vous etendre ce mod~e au cas d'6coulements diphasiques?

Reponse d'Auteur
Oui. et c'est la raison pour laquelle. si on n'utilise pas le mod~e de longueur de melange. la recirculation avec
combustion n'a pas la honne longueur. Effectivement. plus que les transferts radiatifs. c'est surtout le niode
de viscosit turbulente qui doit etre amtdiorO.
If est sans doute n~cessaire de tendre le modele au cas des ecoulements diphasiques. Par exemple. dans Ie cas des
canaux de rechauffe, it est probable que le combustible n'est pas compI~ement &~apor dans Ia zone des accroche-

flamtmes.

R.Monti. It
Can you explain why an implicit method is faster than an explicit method?

R16ponse d'Auteur
Dans une methode imiplicite. le pas en temps peut etre 40 fois plus grand que Ie pas en temps ?FL. Comme Ia
resolution d'un pas en temps en implicite est plus grande. on ne gagne pas un facteur 40. mnais une tnthode
implicite peut etre 5 A I5 fois plus rapide qu'une m~thode explicite.
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----Calculations are presented to predict the performance of an alternative fuel
in a conventional gas turbine combustor. Existing data for fuel effects on the
Detroit Diesel Allison TF41 combustor, a can-annular burner, are correlated with
the semi-empirical characteristic time model. The correlations are used to predict
the ignition, stability and combustion efficiency performance of a proposed
alternative fuel, the AGARD Research Fuel, in the TF41 combustor. Compared to
standard NATO F-40 and F-35 fuels the alternative fuel will provide similar
combustion efficiency levels, reduced flame stability and significantly degraded
ignition performance.

NOMENCLATURE

a Empirically selected weighting factor

b Pre-exponential factor

dcomb Combustor diameter

do 0 Sauter mean diameter

d Spark kernel diameter

E Activation energy

£co Mixing length for CO

X Quenching lengthq
R Universal gas constant

Texh Combustor exhaust temperature

Tin Combustor inlet temperature

Tn  Temperature for combustion efficiency kinetics

T$=l  Stoichiometric adiabatic flame temperature

Vref Combustor reference velocity

a Evaporation coefficient

n c  Combustion efficiency

Pg Gas phase density

Teb Droplet evaporation time
T
hc Kinetic time for ignition and lean blowoff

*st Mixing time

T n Kinetic time for combustion efficiencyn
- Equivalence ratio

INTRODUCTION

The introduction of alternative fuels and the relaxation of fuel property specifications of current
fuels are areas of concern for the gas turbine commiunity because changes in fuels or fuel properties
raise questions regarding engine performance. Although the importance of specific fuel properties on
the performance of an engine may be known qualitatively (front end bliling points on ignition and carbon
to hydrogen ratio (and/or aromatics) on soot, for example) quantitative understanding for
determining the effects of new and previously untested fuels is often lacking. Ii this paper, calcula-
tions are presented for gas turbine engine performance predictions in the areas of ignition, lean
blowoff and combustion efficiency for an alternative fuel. Calculations are also made for standard
fuels for which performance data are available to establish the validity of the predictions.

The combustion system for which the predictions will be made is the Detroit Diesel Allison TF41.
The TF41 is a turbofan engine which features a ten can can-annular combustion chamber. Fuel is
introduced with ten dual-orifice pressure atomizing nozzles and ignition is achieved with surface dis-
charge plugs located in two cans. Further details of the engine can be found elsewhere . i TF41
experimental data used in this paper were obtained from single can rig tests by Vogel et al , 

. In
their study, two fuels, JP-4 (F-40) and JP-8 (F-35), were used and blends of each of these fuels with
different components were also tested to provide a total of twelve test fuels.



Cnaracteristic Time Model

The characteristic time model will be used to predict the performance of the TF41. This model was
selected f)r two primary reasons. The model is relatively simple to employ; the important physical
processes tre determined and computed through times (evaporation, kinetic and mixing, for example) which
are representative of the processes. Also this approach has previously been shown to work well for
correlating emissions data, ignition and lean blowoff iits, and combustion efficiency data from both
fundamental experiments and actual gas turbine hardware -

.

The times of importance for this work are listed in Table 1. The turbulent mixing time is
estimated by a length scale divided by the combustor reference velocity. The evaporation tie is given
by the square of the Sauter mean diameter (estimated from empirical relations) divided by the
evaporation coefficient. Finally, kinetics are taken into account by Arrhenius expressions. The
similarities and differences of these times for ignition, lean blowoff, and combustion efficiency will
be described, along with the model formulations for each case, in the following sections.

Ignition

For ignition to occur in a gas turbine engine, the rate of heat release (which is controlled first
by the evaporation of the fuel and then by chemical kinetics) must exceed the heat loss rate (controlled
by turbulent mixing) from the spark kernel. Therefore, in terms of the characteristic time model, the
ignition limit is given by

r s - 'he + a re/ (1)

where the proportionality and the constant weighting factor, a, are necessary because the times are
simply estimates of the processes involved and are not expected to be quantitatively exact.

As noted in Table 1, the length scale for ignition is the spark kernel diameter, defined as the
diameter of a sphere which would be heated to the stoichiometric adiabatic flame tei eratir& by the
spark energy. Also from Table 1, the droplet evairation time is computed from the "d Y-law" and the
drop size is calculated from an empirical equation . Dividing the evaporation time by the equivalence
ratio takes into account the fact that adding more fuel (more drops) decreases the time i takes for a
given amount of fuel to reach the vapor phase. Finally, for the kinetic time, b = 10- , E = 26,100
calfmoj and Pg is the gas phase density in kg/m 3 . For details on the derivations of these terms, see
Peters 

.

The TF41 ignition data include sea level start and altitude relight data at a flight Mach number of
0.6. These data are used to calculate the terms in Eq. (1) and the results are shown in Fig. 1 where a
least squares fit line and one standard d iation about that line are included. (The weighting factor
of 0.021 was selected from previous work V.) The fit is statistically good (r > 0.9) although the
correlation does not pass through the ojigin as the model suggests it should. The large intercept on
the ordinate has been observed by others and is believed to be caused by significant amounts of energy
not participating in the ignition process due to losses in the ignition circuit. One other point of
interest is that the equivalence ratio (at the spark gap) that appears in Eq. (1) and in the kinetic
time was previously found to be constant for can type combustors (and assumed equal to one). This
approach is verified here because no correlation could be found by letting vary with the primary zone
equivalence ratio; Fig. I is a result of setting the equivalence ratio at the spark gap equal to one.

The best fit line separates the figure into two regions, ignition and no ignition. If an engine is
operating in the upper left-hand portion of the figure, ignition is possible. The ignition limit is
approached hy moving horizontally (increasing the evaporation time by increasing drop size or decreasing
volatility, for example) or vertically (decreasing the mixing time by increasing the reference velocity
or decreasing the ignition energy).

Table I Characteristic Times

Definitions

Time Meaning Ignition Lean Blowoff Efficiency

Ts z Mixing dq/Vref tco/Vref Xco/Vref

1eb Evaporation d2 
/a d2/8 d 2/8

b exp(E/RT,=i) b exp(E/RT,.)
Thc Kinetics - g - __---

b exp(E/RT )
T Kinetics ---n

! I I Ii iI I~ i II



Rise.1 on t'-n nio corre laton in ' jg. 1, ignition I i ,i t ra culat ions can now be made. Th is
paper will focis on tre three fuels listed in Table ?. The IP-4 J-40) and JP-3 (F-35) fuels .ill he
included in the cal:l lations to acc as a comparison of -ne nulel witsh available data and as a compari son
to tne predicted performance if an alternative fuel, tne AZAPO Research Fuel (ARF Sneral ly scpaki ng,
JP-4 'F-411) is tne "liqhtest' fuel a; indicated by the lower ho1 linq poinits and viscosfy. ARt is a
representativn of possible fiture alternative fiels with higher hoiling points, higher viscosity and
lower bpl' i+,rn content.. ARF properties were defined by the Propulsion and Energetics Panel Work ing
Group 13 as a proposed test fuel.

The fuel properties in Table 2 were used in conjunction wit-i the correlation of r7ig. I to determine
tbe percent decrease in drop size required to achieve ignition for JP--l F-35) and ARE compared to tne
JP-4 (F--40) baseline fuel; the results are shown in Fig. ?. As in all -ne predictions 0sr t 7is paper.
the sea level calculations were performed for idle inlet conditions and the altitude cal-ulations for a
Mlach number of 1.6. The graph clearly indicates that tie atomiiation qual~ty has t,, nprove 'or tre
"heavier" fuels to ignite. In other words, to obtain tne euaporation rate required for inition., tne

drop sizes of JP-d (F.-35) and ARE gust decrease to compensate for tnei r lower volati lities. Th e
iiproveirints required in atomizati -n quality is largest at the idle condition and nearly constant at th e
various altitudes.

Table 2 Fuel Properties

Property JP.4 (F-40)* JP-R (F-35)* ARF*

Density at 21' 0C, g/cm30.6 A7OR0

Viscosity at 250C, cs 0.98 1.94 3. 7S

Surface Tension at 21'C, dynes/cm 23.7 P6.q 26.3

Hydrogen weight % 14.4 13.9 13.2

Lower Heating Value, MlI/kg 43.5 43.1 43

10% boiling point, K 360 451 478

50% boiling point, K 438 499 5S

. Vu7Tlpropertfes listed are for the ignition and lean blowoff
tests. The fuels for the combustion efficiency tests had
slightly different properties. See Ref. 4 for details.

* Properties not included in the ARE specification were estimated.

-630 JP-8(F-35)
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The improvement in afoiivijtic n indicated in Fig. ? is substantial. This is i lustrated in Fi';.
where the predicted primary zone equivalence ratio required for ignition (assuming all the fuel f lows
through the pilot nozzle which would give the best atomization) is plotted against altitude. The stan-
dard deviation of the correlation in Fig. I was used to determine the "error bars" on the JP-4 'F-40
calculations. Thi; provides an indication of the accuracy of the model. Since the T -I4 employs 0
pressure atomizing nuzzle, to decrease drop size fuel flow must increase. In addition, JP-d (F-35l and

ARF are more viscous than JP-4 (F-40) and this requires a further increase in fuel flow to reduce the
drop size. The net result is that the fuel flow rate required for ignition with an alternative fuel
such as ARF is significantly higher than the flowrate required for a standard fuel such as JP-4
(F-40). In fact, the fuel flow rate required to achieve the drop sizes and primary zone equi valence

ratios required for ARF is so high that it cannot be reached due to fuel pressure limitations. Thin
indicates that for the TF41 to accommodate ARF and retain the same ignition capabilities, changes in the

fuel injection system would be required.

Lean Blowoff

Flame stabilization (or lean blowoff) and ignition are similar phenomena. In both cases, a fuel
and air mixture must be heated so that the fuel evaporates, mixes with the air, and chemical reactions
begin at a rate sufficient for establishing a flame. The difference between ignition and flare

stabilization is the energy source which initiates combustion, hot recirculating gases for flame
stabilization and a spark for ignition. Conseque.tly, it is not surprising that tne formulation of tn-
characteristic time model for lean blowoff is very similar to the ignition model. The lean blowoff
model is

-- r + a Tb (2)

where the definitions of the terms can be found in Table I.

The length scale for the mixing time is selected as the length scale for CO emissions, Z define
by

[i +- ; 1-1 (3)co comb 

(

where the quench length is chosen as the axial distance from the fuel injector to the primary alr
addition jetsm The droplet lifetime is defined as before and for the kinetic time the pre-eKponential
factor is 10.

-
, the activation energy is 21,000 cal/mole and the equivalence ratio is evaluated as the

primary zone equivalence ratio. The "prime" denotes that the times are multiplied by the temperatire

ratio T /T . This accounts for the acceleration of the flow due to the heat release in the primary
zone and includeed on the right-hand side of the equation to remove chemistry effects from the ,ni i-
time. For further details see Ref. 8.

The TF41 lean blowoff data were obtained at the same inlet conditions as the ignition data. nP

terms in Eq. (2) were calculated from the blowoff data and are shown in Fig. 4. Also included in this
figure are data from two single-can combustnrs, the Detroit Diesel Allison T63 and the AvC,-Lyconho
AGT 1500. The additional data were included because of the rather narrow range -f the TF41 data. Wit
the weighting factor of d.D33 chosen to give the best fit, the correlation is not as good as the
ignition correlation, hut certainly statisticall significant. The weighting factor and slope shiw, r

Fig. 4 are different then those found elewhere , but this is to be expected hecause the evaluation iffuel properties in this paRer was based on the 10 percent boiling point rather than the 50 percent point

used by Leonard and Mel lor . The 10 percent point was selected to make the calculations consistent with

the ignition work where the lighter fractions of the fuel are known to be more important in the ignition
process. While Figs 4 indicates that the 1D percent point can also he used for lean o)1owof', thP
previous correlationi, based on the 50 percent point, may be somewhat better (lower intercept on the
ordinate, but still not zero).

Figure 4 is interpreted in a manner similar to Fig. 1. The regions of stable and unstable
operation of the combustor are separated by the best fit line which represents the lean limit. From a
stable operating point, one moves towards the limit by decreasing the primary zon equivalence rati,
(increasing T' ) or decreasing the fuel volatility (increasing T' ), for example. Increasing the
reference veltEity would result in a decrease in isZ and again the l~n limit would be approached.

Based on the correlation in Fig. 4 the primary zone equivalence ratios at blowoff were predicted

for the TF41 and the three fuels listed in Table 2; the results are presented in Fig. 5. Included in

the figure are the actual data from the T1 41 for JP-4 (F-40) and JP-8 (F-35). The trends of the model
are validated by the data although in some cases there is disagreement between the measured and
calculated values. Based on the scatter of the correlation in Fig. 4, this is to be expectel.

One can see that the heavier fuels are less stable (require a higher primary zone equivalence

ratio) than the lighter fuels. This difference is most pronounced at the higher altitudes with ?ittle
difference occurring at the sea level condition. Based on these results, an alternative fuel with
properties similar to ARF will be significantly less stable at high altitude although the effect of fuel
type on lean blowoff is not as large as it is for ignition. This is partially due to the fact that
droplet evaporation is not as critical a factor for lean blowoff, as discussed below.

For the ignition results, a plot comparing the change n drop size required for equivalent ignition

performance of the fueis was presented. This indicated the dominance of evaporation as the controlling
step in ignition. However, a plot of the drop size at the lean blowoff limit for ARF and JT 4 (F-40) in
Fig. 6 shows that at the lower altitudes ARF has the larger drops. kt the lower altitu(m,'s w1here the
flame is more stable, relatively small fuel flows are required for both fuels and ince the xiscosity is

larger for ARF the drop sizes for ARF are found to he larger. For the higher altitude cases which are
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less stable, more fuel is required for ARF than for JP-4 (F-40) and consequently, the drop size for ARF
is smaller than the drop size for JP-4 (F-40). Therefore, drop size changes (or evaporation rates)
alone do not characterize the lean limit performance but both kinetics and evaporation are important.
The important point is that the characteristic time model includes both kinetics and evaporation and by
using the model the important parameters for the problem of interest can he determined.

COMBUSTION EFFICIENCY

When evaporation effects are negligible, the process which controls gas turbine combustion
efficiency is the mixing of CO and hydrocarbons out of the hot shear layers before complete combustion
occurs and into cooler regions of the combustor where they are quenched. In terms of the characteristic
time model this means that combustion inefficiency should be proportional to the ratio of the kinetic
and isxi ng times,

(I - ,c
)  

'n (4)

When evaporation is slow Leonard argued that the longer life (and trajectory) of the drops can
cause the addition of more CO and hydrocarbons into the cooler, quenching regions

9
. With this

additional contribution to combustion inefficiency the model becomes

(I - n (II/ Is)/(l + a T.b/Ts ). (5)

The mixing and evaporation times are shown in Table I to be the same as those used for lean blowoff
although for combustion efficiency the fuel propertie are evaluated at the 50 percent boiling point.
For the kinetic time the pre-exponential factor is 10- , the activation energy is 4500 cal/mole and the
temperature is a weighted average between the inlet and exhaust,

Tn = 0.9 Tin + 0.1 Texh. (6)

Details on the derivations of these terms can be found elsewhere
9
.

With combustion efficiency data from Vogel et al.
4 

at four run conditions (idle, cruise, dash and
takeoff) and Eq. 5, the correl~tion shown in Fig. 7 was generated for the TF4l. The weighting factor of
0.05 was obtained from Leonard and the slope of the correlation, 3.4, compares favorably with the slope
of 3.2 found by Leonard for three other engines. Again, scatter is evident about the best fit line
but the correlation coefficient indicates a statistically significant fit.

Based on the correlation in Fig. 7, combustion efficiency predictions were made for ARF and are
presented in Fig. 8 with calculations for JP-4 (F-40) and JP-8 (F-35). As before the "error bar"
indicates the range of predicted efficiency based on one standa'd deviation about the correlation.
Above idle conditions the efficiencies are quite high and little uifference is exhibited with fuel type
although ARF is predicted to have the lowest efficiency. At idle conditions the separation of fuels is
more pronounced indicating the increased influence of slower evaporation at the low power point of the
.heavier" ARF. In general the effect of an alternative fuel with properties similar to ARF on
combustion efficiency in the TF41 is small, especially at high power conditions.

CONCLUSIONS

Illustrated in this paper were the predictions of the performance of an alternative fuel in a
conventional gas turbine combust)r. These predictions were obtained from a relatively simple model and
the predictions were supported by the favorable comparison of performance calculations for existing
fuels for which data were available.

The results indicate that, for this particular engine and alternative fuel, ignition is most
sensitive to fuel changes, lean limit stability performance is degraded to a lesser degree an
combustion efficiency is only modestly influenced, in agreement with the conclusions of Vogel et al.
In particular, it was shown that f're inject'on modifications would be required to retain good ignition
characteristics with the alternative fuel.

The quantitative changes in performance as a function of fuel type presented in this paper can also
be predicted in other engines for other alternative fuels to provide input into future combustor and
fuel type considerations.
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DISCUSSION

D.Snape, UK
I ) Your correlations lead to results for ignition only. Have you considered the effects on the whole primary

and post primary zones leading to any conclusions about the inter-combustor light-round phase of start-op.
which is particularly difficult in tubo-annular systems"

12 1 You conclude that combustion efficiency is only moderately influenced by fuel type. Would you expect
this to hold good for combustors, such as the Transply combustor in Paper 23, which have much higher
combustion efficiencies throughout the engine operating range?

Author's Reply
I The ignition model currently considers only the growth of the spark kernel and not the question of flame

spread from can to can. This would be an interesting and important problem to address.
2 Based on the analysis of other engines which do have high efficiencies throughout their operating range (see

Leonard and Mellor, Journal of Energy). I expect the conclusion that combustion efficiency will be only
slightly influenced by fuel type to hold for engines which are efficient at low power.

J.Tilston, UK
In Figure 7 the correlation, which you said contained data scatter, is made on the basis of a linear relationship of
efficiency with characteristic times. The relationship should correlate on the basis of the conventional loading
equations which, from first principles, would contain exponential and power law terms. The data certainly look
as though they would be much better fitted by a fairly simple curve.

Author's Reply
In the development of the carbon monoxide correlation parameter (see Tuttle et al., 16th Symposium (Itternational)
,m (mOmbustion) an exponential does occur but it is expanded and all higher order terms are dropped for simplicity.
Retaining the more complete exponential term might be useful but as yet has not been necessary.

P.Ramette, Fr
L'efficacit de combustion est exprimte en fonction d'un temps cint3tique. fonction exponentielle d'une temperature
cinetiqoe qui est one ponderation -ntre les temp ratures d'entre et de sortie. Comment est dtermin~e cette
pondration? Est-ce que [a pression ne devrait pas intervenir?

Author's Reply
The temperature that appears in the kinetic time was empirically sele ,ted to provide the best correlation of
efficiency data obtained from earlier experimental work. Certair2y a kinetic time can be derived which includes
pressure, but the model has been successfully applied to data with pressure variations between 200 and 800 kPa
and therefore a pressure term is not necessarily required.
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ETUDE AERODYNN'IQUE DE LA COM4BUST[ON DANS LES FOYERS DE TIJR8t'"CHINES

APPROCHES EXPERUA1ENrALES ET THEOR[QUES

par Guy FRAGER, Patrick IIEBRARD, Gorard LAVERGNE, Ahmed MIR

OFFICE NATIONAL O'ETUIIES ET DE RECHERCH.S AEROSPATIALES
CENTRE D'ETUOES ET DE RECHERCHES OF TOULOUSE

Departeme de Mcanique et Energdtique des Systomes (GERNES)
2, Avenue Edouard Belin. 31055 TOULOUSE CEDEX

FI ANCE

RESU'ME

Au lieu des m~thodes locales de r~solution souvent trop coateuses au stade de l'-vant-
projet de foyers, on a souvent avantage A~ utiliser une des deux approches suivantes:mithode modulairc, m~thode
mixte. - MCthode nmodulairv:tDe nombreuses exp~riences men~es sur maquettes hydrauliques et faisant

appel Idiverses techniques de traiternent d'image vid~o fournissent les donn~es de base utilisges dans la
schlmatisation de divers foyers sous forme d'une combinaison de rgacteurs 416mentaires. L'adjonction de cin. -
tiques chimiques plus ou momns d~tailldes (modle global, semi global, avec vaporisation) permet de pridire
avec une bonne pr~cision les performances globales de ces divers foyers.

- M~(thode mixte :)ans cette seconde mlthode, plus pr~cise, seules les zones de recircu-
lation sont mod~lls;ios par assemblage de rlacteurs 6l mentaires. Les r~gions d'&coulenent direct (jet,
swirlers ... ) font l'objet d'un calcul local (K, E) dans lequel le comportement des gouttes (taille, trajec-
toire, vaporisation) est pris en compte a partir d'un ensemble de mesures glom~triques effectuges au DERMES.

NOTATIONS

B Blocage g~om~trique

C Concentration

C vj Chaleur sp~cifique du &az

d DM Diam~tre des goutces (valeur individuelle ou moyenne)

f Wt Distributicoi de temps de sdjour

f (d) Histogramme de tailles de gouttes

f Concentration en moles/kg de gouttes de la classe J

i Classe de gouttes

L Chaleur latente de vaporisation

Pp et PL Grandeurs intervenant pour Ia mesure de tailles de gourtes

q Dgbit de traceur

Q Dlbit de gaz

QIDdbit des jets primaires

Q 2 Dgbit des jets de dilution

Qsw Dgbit des injecteurs A swirler

Qr D6bit des cannes de pr~vaporisation

QF C 1, 2-. Dgbit de refroidissement

QR I Dgbit recircul6 en fond de chambre

QR 2  Dgbit recircuig latdralement

Re VrlxdNombre de Reynolds

S r r
2 

= d 
2
/4

T TempErature

V, Ila, Vitesse de lair

Vr 21 Vites~ie relative goutto air

W. Vicesne de rgaction

n, a, E Constantes de Ia vitesse de riaction

0(pt Angle des jets (par rapport A la normale)

lapj Pression d'injection

ZTTemps de asi our moyen

If Richesse

rFacteur de charge

A .F Longueur d'onde, conduction phase vapeur
CTension superficielle

Masse volumique
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1- INTRODUCTION

Les processus rencontr6s dans les chambres de combustion sont particuli~rement complexes et for-
tement coupl~s entre eux (6coulement turbulent 3.1) en regime stationnaire ou non avec m~lange diphasique,
cinr~tique chimique, radiation... ) tDe ce fait, le calcul des performances de foyers (stabilitg, rendement,
pollution) exige la rnise en oeuvre de techniques de mod~lisation qui peuvent se classer selon les trois

groupes suivants correspondant A une description plus ou momns fine de l'agrodynamique du foyer:

L'approche locale (par exemple 16) consiste a rgso'idre un ensemble d'6quations aux dlrivdes par-

tielies rlgissant les diffdrents phfinoalnes 6voquls plus haut. (Combustion turbulente dans un 6coulement
tridjimensionnel 6ventuellement diphasique). Utile pour acclder a la description fine de l'6couleaent, cerre
m~thode conduit souvent A de rgelles difficultls dans sa mise en oeuvre :adaptation du modlle num~rique
a chaque cas 6tudi6, difficult6 de convergence avec des glomltries complexes, oin6tique chimique limitle.
De ce fait, au moins so stade initial de dlveloppement d'un foyer, on lui prlflre souvent one approche de
type modulaire.

Vans cette approche modulaire (1 A 12) permettant d'appricier les rs~mes phlnomlnes Z une dchelle
plus grossiire, l'6couletsent eat discrdtis6 en plusieurs modules (rlacteurs illmentaires) vgrifiant certai-

nes hypothlses (nature, volume, dlbit). Souvent utilisge en particulier pour des 6tudes paramltriques oo
d'optimisation, cette mlthode prlsente fr6que."ient un certain empirisme dans la ddfinition de modlles souvent
choisis a priori.

Enfin one troisilme approche dite mixte (13 A 15) tente de rlaliser on compromis entre lea deux
pr~c~dentes en ce sens qu'elle combine on calcol local pour lea zones d'6coulement direct (jets, swirlers..)
et on calcul modulaire dans les zones oii certe dernilre devient d~licate (zones de recircolation). Outre
l'avantage que certaines valeurs de variables (par exemple lea r6partitions de dlbit) sont on rdsultat de
calcul et non pas une donnge explrimentale, cette mithode permet aussi, sans entralner des coats excessifa,
de rendre compte de faqon assez fine do comporte'aent des gouttes de carburant (pulvgrisation, vaporisation,

traj ectoires).

Etant plus aplcialement int~ress6s aux deox dernilres approches, que nous prlsentons dana cet
article, nous nous soasses appoy6s sur des rlsultats explrimentaux obtenus au C.E.R.T., concernant soit Ia
description ai-odynamiqoe de l'gcoolement, soit lea caracrlristiqoes granuloml triques des injecteurs.

Pour la description airodynamique de l'6coulement, lea caractlristiques (nature, volume, distri-
bution de temps de shjout) des rhacteurs ilmentaires utilisgs dana le modlle modulaire sent dhduites

d'exphriences menhes sor maquetres hydrauliques. Une analyse automarique d'images vidho obtenues sur l'hcou -
lement donne diverses informations, telles que :concentration, dhbits, temps de shiour. Ces informations,

associhes I diverses techniques d'identlfication permettent de dhfinir pour chaque chambre easayge une
reprhsentation adhqoate sous forme de combinaison de rhacreurs 6lhmentaires. L'utilisation de ces mgthodes
pour des ggomhtres de chambres trhs varihes nous a conduit 5 dhgager diverses corrllations rant aur Is
reprhsenration modulaire de tea foyers que sur certaines rhpartitiona de ddbita en fonction de paramhtres
caracthrist iques.

Afin de pouvoir mieux caracthriser l'influence de Is pulv~risation de carborants liquides sur la
cinhrique chimique, one simulation a 6t6 rhalishe au moyen de mhlange eau alcool injecri sous pression dana
un 6coulement A grande vitesse. Une technique originale de granulomlrrie appliqohe A diverses conditions
d'O~coulementfnous a condu it I direrminer des lois d'6volution du diamltre moyen de Sauter et de Ia forme de
panaches en fonction des paramhrres principaux (pression d'injection, vitease moyenne et taux de turbulence

de l'6coulement, liqoide injecth. .. ..

Enf in, la prise en compte d'une cinhtique chimique sous la forme de modhles "global' A une seule
rhact ion ou 'semi global" I deux 6tapes et tenant corapte de Is vaporiation des gouttes permet de calculer

lea performances globales des foyers. Ces rhaultats de calcul, comparga aux mesores en combustion effectoles
1 l'O.N.E.R.A., permettent par leur prhcision de justifier a poateriori le bien fond6 d'une telle dgmarche,
ao momns au stade de l'avanr'-projet.

11 - ETUDE EXPERIMENTALE

Comme permet de le montrer un survol rapide de la littgrature aur ce sujet (1 A 12), on des prin-
cipaux problhmes dana la reprhsentation modulaire de foyer eat de caracthriser tea diffgrenta rlacteura
616mentairea en termes de volume, position, interconnection. D~e la meme faqon, l'existence de deux phases
dana 1'6coulement nicessite de pouvoir dlfinir correctement lea caractgriatiques de pulvirisation relatives
.1 chaque type d'injection.

Pour ces deux appirhes, nous avona choisi des conditions expgrimentales en gcoulement isotberme
maquettes hydrauliques pour 6tudier l'agrodynamiqoe interne, banc adrodynamique aux conditions atarosphgri-
qrlea poor 6tudier Is piilvgrisation. Bien qua aujet A controverses, re choix a gtg fait avant tout afin de
perrsettre un nomore inr7ortant de meaures dana des conditions expdCiinenrales plus simples, le but 6tant
principaiement de donn,!r une description grossilre mais realist:e de l'6couleaent plut8t que de prlciser de
fagon ponctuelle sea c )iditions exacres avec et sans combustiorl. t1 semble suffisant d'assurer one siiitu-
de ggomtltrique sinai qi'un nombre de Reynolds supgrieur ii une valeur critique (17) le pasagie sux conditions
avec combustion se faliant soit &ins correction, soft A partir de correlations, soit au rsoyen de certaines
rhgles, relles que cels sugghrhei par Spalding (17).

2.1. Moyens c 'esai

2.1.1. Tunnel hydrodnanique

Cosine le montrt is photo I un tunnel hydrodynamqiue A veine horiznntale fonction-
nant en circuit ouvert (10 l1) ou fermg (20 1/s) parmtne d'gtudier diffgrents modles de masquettes rg~ali-
ages en plexiglass. Ces maqoettes transparentes sont de trois types:

-maquettes A 6chelle rlduite de foyers rgels (en ggngral foyers de statorgacteors)
-reprlsentar ion bidirsensionnelle de secteur de foyers annulsires
-mod*)ies simplifils de zones prirsaires.



De nombroux risulItat s coticernant PlIUsieurs de ces maquettes ont diji 6it pr.5sent~s ( 12 ,18 , 19),
les risaltats contenus dans cet article sort ec&

1
urifs 5 deux maquettes de serteur de foyer annulaire compor-

tant des injecreurs a simple et double swirlers.

2.1.2. Banc- ranulom~trisue

Ce banc (Fig. 2 ) est constitu6 par une veine dessais 150 x 150 rgalisge en
plexiglass dans laquelle on peat g~n4 rer an scoulement 9 vitesse (W a 150 m/s) et taux de turbulence (2- a
107) variables. Afin de simuler ati mieux lea conditions d'injection r~elles, on peat y introduirc dive-rsts
singularit/s telles que accrocbe flamnme, g~n~7rateur de swirl ... L'in~ecteur 9 caractriser, peat sv trans-
later dans trois directions ;an systlme d'injection comportant an rgservoir pr--rsur i. 2 -'0( bar), tin
capteur de pression, une diectrovanne permet d'iniecter le liquide 9 6tudier (par exemple an m~langc eau
alcool assarant une tension saperficielle O0J variant de 23 d 72 dynes/cm) sous ane pression ApJ variable.

2.2. Moyens de visualisation et de mesure

En plus des techniques classiques de visualisation (balles d'air oa d'bydrogene. particales
de polystyrlne, fluorescdine) utilisges sur le banc hydraulique noas avons dvvelopp oin certain nombre de
moyens associant :camdra vid~o ou C.C.D, microcalculateUr et interfaces atmn de complter ces visualisations
par diffirentes mesares. Ces mngthodes sont largement dicrites par ailleurs (20 9 '3).noos les r~sumons sac-
c intement.

2.2.1. Mesure-de-concentration

Dana cette application la concentration instantan~e d'un traceur color6 (fluores-
ciine), moyernge A l'int~rieur d'une surface 6lgmentaire ddfinie par le plan d'Cclairage (fenite lamineuse,
"1trancbe" laser) et une fen~tre d'analyse gdngr~e sur le moniteur associ6 a Ia cam45ra observant I '6coale-
sent eat mesur~e. De nombreux 6talonnages effectugs "in situ" (20, 23) nous ont permis de relier, pour des
conditions dg6clairage dornges, la concentration du tracear a la brillance locale de l'image vid~o. Cette
brillance,convertie en une tension analogique qui peat tre numdrisde sur 12 bits et misc en mgmoire da
calculateur en synchronisme avec chaque trame, permnet donc pour diverses conditions d'injection pilot~es
par le calculateur (continue, Dirac, 6chelon) de mesurer lea grandears suivantes :d~bit, temps de s~jour,
concentration.... Moyennant certaines prdcautions (23), cette mgthode permet de mesarer en contina (tine
information par trame soit tous lea 50bme ou 60 ima de seconde) une concentration locale ou moyenna avec
ane prdcision de 1% A 2%,(iur 5)

2.2.2. Mesare de taill e de gouttes

Comma le montre la figure 2 ,la mesure granulombtrique eat obtenue dana un
plan (parallble ou perpendiculaire A l'6coalement) ddfini par an laser He/Ne de 15 mW aquel eat 6ventuel-
lemient associ6 an miroir vibrant oa une lantille plan convexe (22). Le syst~me de meaura comporte :an
dispositif optique, une camgra CCD Hitachi, un microcalculateur at sea pfriph~riqaes, plasiears interfaces.

(Fgr Dispo.itif opt ique :compta tena du faibla diam~tre des gouttelettes (10 pm 5 100 Vim) an dispositif

optique eat ngcessaire pour prodaira sur la matrice de l~a cam~ra une image de taille suffisante. Ce disposi-
tif comporte an tilascope Newton (focale 600 mm, diam~tre 150 mm) at un microscope (grossisament G 8)
mont6 sar la cam~ra avec ane bague rallonge.

Module d'acquisftion :Ce module, rrgalis6 au C.E.R.T./D.E.R.M.E.S., comporte trois cartes 9fonc-
tions distinctes (22):I

O Ell, synchronise la camera au balayage monitear da microcalculateur at numerise sar 1 bit
l'image des gouttelettes (240 lignes x 320 pixels par ligna) vues sat le moniteur.

Q Catte seconde carte m6morise l'image (200 lignes x 320 pixels) en ane trame en synchronisme

avec le microcalculateur.

La troisilme carte permet l'analyse de cetta image en 6 a au moyan d'un curseur vertical
comptantle nombre do points Pp situgs A l'intgriear des images de gouttes at le nombre d'intersections
PL aver le maillage. Comma le mcntre la figure 2 , pour chaque image, le diamt-tre moyan eat donn6 (2-4)
par

DM = 3 Pp /PL

Compte tena du principe, an 6talonnage du ayst Sme eat ndcessaire (22-25) afi de
ddtarminer le coefficient d'Ctalonnage en fonction des divers paramntres (angle de prise de vae &, gros-
aissemnent CG indice do rifraction fl, longuour d'onde/ , aeuil de dgtection 3 ). Ceci eat effectu6 avec des
microbilles do verre calibrges pr~sentant le mime indice ;on obtient ainsi ana prgcision voisine do 3- PM
avec an seuil de direction do 5 PMa.

2.3. Techniques d'identification

A partir lea mesures de concentration effectuges suivant le principe d~crit en 2.2.1.,
plusieurs mgtl-odes ont gtg dgfinies de faqon 6 donner diverses informations quantitativas suivant las
modes l'inJection do tra.:eur (23).

2.3.1. Irnaction continue

Dens le cas ott le tractut colot8 est injectg do faqon continue avec an d6bit q,
la meat to do la con:enttt tion C moyennde sat an volume (rt!acteur) 91ldmentaire petmet do mesaret

-soit le dgbit Q le traversant si lea traceur est injecti dans ce volume,

Q
Cotte masare do d~bit par dilution eat ttLs utile pour d~terminer los divers dgbits

tecirculant en fond de chambre)

- oit la concentration (richease) locale en fonction do la concentration (richesse) 5 laquello
eat injectd, A l'fnt~rieur nua 1 'extgriear du volume, an tracear simulant le carburant.

2.3.2. Injection saivant an gchelon
----------

Dens ce cas, la variation de concentration Cs Wt eat proportionnelle A la fonction



dripartition de temps de s~jour

CS (t)'V F Wr f (t) dt (26)

On peot ainsi obtenir les premilres informsations sur la nature du macromilange (fiver
homoglne, r~acteur piston ... ) ainsi quo sur le volume du rdacteur 6idmentaire consid~rc J partir de Id Me-
sure du romps de sdjour mayen V

V = ) 'r (26 )

2.3.3. Injection suivant on Dirac

Les mesures obtenues A partir d'une injectioT)sous forme d'un "cr~nerau de
durge at ndgligoablo par rapport aux tomps caract6ristiqoes ( Atl' -/,10 ) permettent d'obtenir plus
d'informations poisque dans co cas Cs (t) vanie commo l-a distribution do temps de sijour (26

CS Wt -. f (t)

Les courbos obtenuos pr~sontont l'allure caracriristique mootr ro la figure
4 3 partir do laquelle on peut identifier l'6coulement 3 un ensemble do rgacteurs avoc rotour tol quo

roprdsent6 sur Fig. 4 . Afi d'effectuer coci, ous avons d6veloppg on ensemble do mgthodes simples
d'identification (23) pormottant de d~terminer los caractrnistiques principales do lasseimblagte de fover
(nombre de foyers homogbnes dans la chalne directe :N et retout M, taux do ddbit entrain6 R, temps de
s~jour oyen... ) on fonction do caract~ristiques simples do is courbe f (t) (remps du premier pie &max,
et ontro pica tc, Ccart typo 46f ).

Cos mgthodos, particulilroment stisples 3 utiliser por-mettent dans la maj euro
partie des cas d'aboutir A one roprlsentation modulaire dgtaillge do l'6coulement a partir des mosuros do
concentration or des visualisations qualitativos.

2.4. R~sultats sot l'agrodynamique des chambros

2.4.1. Description do l'6coulement (Figures 5, 6).

La chambre 6tudi~e comporte d'amont en aval

- on ensemble d'injecteurs A swirler situ~s sur le fond (simple o double vrilles) travors~a
par on d~bit Qsw or recovant le carburant liquide,

- sot chaque c6t6 one rangge d'orificos primaires circolaires recevant on d~bit Q

- on oval deux rang~es d'orif ices do dilution travers~s parQ2

- enfln d'amont en aval, on ensemble de films do ref roidissement do d~bits notgs QFC1 , QFC, 2-

Comme le montrent los figures 5 or 6 ,on pout distingoer los deux zones
suivantes

'amont des orifices primairds :co fond do chambre eat aliment6 par los trois d~bits suivants
(0w(gi silr R (fraction do jot primaire rocirculant en fond do chambre) QFC1 dont one partie,

proportionnelle ao blocago des jots primaires alimento le fond do chambre.
Comise on pout le voir, le d~bir Qsw g~nbre deus zones rourbillonnaires I

A l'intlrieur do c~ne, 2 ontro le c~ne et ls chambre.

Cotto description a~rodynamique, voisine do cello dlcrite dans (1) correspond
bien aux trois types do recirculation distiocts dos A l'6coulement principal:

- A l'int~rieur do c~no, Ia recirculation centrale not~e I eat due so gradient do pression
causg par le swirl (I 3 12), a prlsence explique la stabilit6 do la flamme dons is zone primairo grace
au courant do rotour central qui permet do rocirculer en entr~e one partie des gaz chauds.

- ntro los swirlers or le tube a flamme, Ia recirculation not~e 2 oat due avant toot
leffet d'61argissemont brusque entro le diamltre des swirlers et le tube A flamme. Elle oat soovent ignor~e
par do nombreux aureurs (1,4...)

-Contrairement aux deux pr~c6denres associ6es A one recirculation do gaz chauds or r~actifs
en fond do chambre, la troisime zone not~e 1' correspond A one recirculation d'une parine des 6;az frais
issus des jots primairos (QR ). Ce phgyaom~ne, d6 avant tout a l'impacr des jots eat cit6 en part .colier

- cans (3 3 ;) et dans one cerlaine mesu-,5 (8,9).

RsniarqooI :Cosine on pour do laoir .4 )a figuroe chaque zone do rocirculation 1I
est repr6ene Igar un foyer homogqe 1. 2, 1 'dana le cas du double swirler. Pour on swirl&., oni lOe et

dana s la nojrite des cas, on rogroopo I'? deux reactoors et I1' on on reactour unique (12, 18. 9,.
Igure 5).

Ro marquc 2 :Cosmso permot de I.? montrer la figure 7 , la riodlisation dec; volurcs 1 o- :1
rsuivant ull seul foyec- homoge constiiu, unc schomatisation par rapport J la reali ti?. En ieffet cl aqueAvolume comporte Lu1 6icoulemont prircipa, I et un courant do reicoor II entre lesquels circolo ain dcbit
entraine Qo- souvcnt confondu dana la littoraturo avec le debit: recircule QR I

-~Entro los orifices :Cello zone est le si ?ge do tourbillons longitudinaux ispo-tants (12)
aliment~s par one partie QR2 du d~bit des jets primairos, le ddbit venan. do fond de chambro ainsi quoune

parre d d~br d refoidssement.(Figu.-es 5 et 6).

Remargue 11 eat interessant dc rapprocher cette dsscrjprion soccinte do I oecoultement d~nane
plus en dL~cail dana (27) ains! que la mvd~lisation qui lui oar associde do cello obtonue pouz d'attres
goombtries do chambre (12, 18. 19) afin doen ddgager certaines rbgles.

- Dana 1005 les cas la zone enfro orifices primal tea or dilution comporte one zone do reac-
tour piston (partie Op do jet primaire, ot film do refroidissemenf) one recirculation importante (foyer
homogeno er rdactour piston on sirie) alimenrde par QR tr le debit do fond de chambro.

2e
-Le fond do chambre ear aliment6 par one partio OR Ido debit prirnaire foniction do divers
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-.2. tarrtolat ions pour le dtlit OR1

L~a valour do ddbit QRI venant recrirculer on fond d, rnanb., ,st ii t:iaiL. tJ1
,ait dl poi-quo cLit partiripe diret ement a is combost ion' airde nombreus attt-s 1, l a uxnt
tfa.,-t vmp iriqt 00 sojette a raot ion.

"tn- pirtit- itsportante do travail offortutl ao C.F.R. I . rtattt ito, tore Param.-
triqo. part trolicrenent otilt aux prem'iers stades do ddveloppetsoor d'on foyer, il t.os svrohlait imortant d,-
conttait t I 'influence do param-t res geottriqoes st Ies d iffirents ddbits Qt, i. ans i quo Sot la 

2
c-mP'-

sit ion dr on:toe I's dt~bis )F ItR " t QP. Ce travail a 6t6 effecrod d 'one part osptir~tentaleIn -nt Jc-
ir d chatdtis (torb~ordarttor, s'tatotar iteors, gdomitries sitpl if ites) doe gdotttries Ji:-,-scs (12, 1>, 11)
' aUtot part ana.-lytiqu-meot a partir de ronsidirations simples our Les tiqoations de buma (rOutitaoitt. quil-

t itO 1 J- ttuvet . .. ) (27 a 29).
Cves doox upprorbes rundorsent h des risultats semblables qoi mv~tett CIn

6vid.tc, l'infloonro des param&.tros prinripaux soivants

C t angle des jets primaires

B blorage des jets primaires

dibir des cannes 00 do swirler tic/C)1 00 QSw/Q1

(iventoollemont) vouome du d~me.

No ta : Ces tt~soltats ont 6r6 roof rooris aver sucres poor des gtiomirries do rhambres Iris diverses et Ic-
rtlsullats do rairul rumparis aux ossais combustion (12, 19) roof irmant bion le fait quo, so momns a faibles
valoors di- blocago et d'angle, is tombostion n's quoun offer seoodairo sot lo taux jR1 /Qt (29). Peni n'ost
uvidemmont pas lo ras son le dafit ontratn6 Qo dont le taos Qe/9 1 vsrio sonsiblomont coImmo oi

to/C) IA. (TJ/Tr) 12 (29)

TJ tempCrature moyonno do jot
Tr tompdrslore moycono do is rerirrolation.

2..Rsolttsour is pulvirtsation

tComme 0000 l'svons non6 plus haul, la mirhodo do mosure pout s'appliquor I divers ras dO6-
noolements. Cepondant jusqu'9 prdsent cerre mithodo, diveloppie rirommoot, n's 6t6 appliqodo 9050u ras d'un
injortoor sirodynatique 9 swirlor plan6 dans on 6roolomont uniformo. Bien quo leo rdsultats obtenos no sofent
pas dirortottoot applirables sos rhambros do turboriscrour sans virifirariun supplitnontaire, i1 nous, a septblv
otile do los prisootor puisque nous Los utilisoos dans los modilisations prisontdes ri-dossoos.

Corste le mootront Los divorsos roorbes (Fig. 9) prisenrios. lo diamitre moyco do Sauter
;ecut s'oxprimor do is faqo0n soivaute 0,3802 04

-1-M_ Va 0) 22- '(,-tM 70 0'4
Coo risoltats, dunnis on ddtsil dsi (22, 25) soot voisins do room Irooves dans Ia littI-

ratore (voir dans 22). Nutons copoodant qu'ils correspondent A one ttoyonne ;do ombrousos mesures avant ott

efforrodes A diversos positions aisles or radialos par rapport 9 1'injorteor. Coo mesures ont ass vtt-
romplitios par des hisrogrammes tols quo roluf prisont6 i 9la figure 10.

III - MODF1ISATI0N

Dane l'iotroduction, 0000 avons sotrintomont prisootd los cararteristiques prinripalt's de
doom mithodro do ralcol quo nous avons diveloppCi : mithode modolsire or mirhode mixte. Avant do t06cr-re
rharone a'eile, ii nous a sosbi6 utile do donner quelqoes ditatis our Los 6qisations urilis~e;, r, pat tiro-
11cr pour re qul conoerno le carartite dibhasique do l'Cirouloment.

3.1. ise on Cquar ions

loes 6quatons do base poor itudier Les diffirents phdnombnos: no soot sutren; quo It's qua-
ti-io do transport poior dlierses quartirs os"p &es ( ) i), 6ncrjj, (h), goortos liqoides dI Isille fT) ...

Toot es c-'s 6qust ions so priseotteot soos Is forme rIassiqoo so ivante

Convecticon Diffusion source
aver IIt o. vh, k, £, '

I.,, trne sourre Sf0 qut dipond do is quanriri y transport[-, cot rolat vement lion
ronnu pour los vari .al-les class iquos (30), nus al Ions talit ls formo part iruliOr do I 'Oqw tion pour los
diff~renres classes die gouttes J - I.. ........K.

3.1.1. i-odidle d'Ovaporartun

En plus de Is phase vapeor (J = 0) le fuel pour Ztr reprisontil par It rlasses
(J -1 ... K1) do goutros; de largeur constanto et outdo chacuno par son dismitro- ttoyen dg; J = I (petite classe)

I - K (taubl masimale). En risliti, so lieu du diamitro on rtilise en gintlral a r' ; Is classe J cot
slots roprisonrio par is roncent rat ion f-I (mules/Kg) do gouttos syant oine valour do s entro S or1 s7.



Af in d'6valuer le terme source de chaque classe J , nous avons utilise le modzele d'eva-
Potrat ion de Wise et Agoston M) modifli de falon a tenir compte de la convection forc~e en cas de vitesse
relat ive Vrel goutte-gaz:

M' = 4 II. 1 7-bg (I + B) (1 + 0,244 Re 0,'

avec B =CV - T Re = 'Velx-

Pour chaque classe J, le terme source peut se mettre sous la uorie suivante (32)

o6 Ics trois termes de Ia parenthlse disignent respectivement

- le transfert de gouttes de la classe J + 1 A J

- le transfert de goucres de is classe J A J - I

- le taux d'6vaporation de Ia classe J.

be taux d'6vaporat ton total est done fourni par

z L2S S dS

CIm dm - s

3.1.2. Mise en- vitesse des gouttes

Les gouttes 6tant generalemlent injecties avec one vitesse relative initiale par
rapport A lIgcoulement, cette dernilre dirninue avec le temps suivant la relation

dVrel 3 Cxf/a V rel 2

d t 8 r .flb

o6i le coefficient de train~e Cx est exprim6 par la loi de Vincent (33)

Cx - 0,48 + 28/Re 08

3.1.3. Cin~tique chimique-

Compte teno de la complexit6 d'un mod~le complet de cingtique chimique pour
l'hydrocarbure, deux types de modlies simpliftis ont 6t& utilisgs. II faut noter que bien que ceci ne repr6-

sente pas l~a rgalitg, les ph~nom~nes d'6vaporation et de, combustion sont consid~rgs comme dtant successifs,
seule la phase gazeuse du fuel participant A la combustion.

Ilod~e &lobjl Dans ce mod~le (12, 19, 32, 34) spicialement adapt& pour estimer les

limites d'extinction pauvre, une seule rgaction d'oxydatlon do combustible est envisagge

R + O 2  * P

ba vitesse de combustion est donnie par

W= kT S 0 'O)a ()p YK)n- -eE/T

Mod~le quasi global :Dans ce scbgma propos6 par Edelman et Fortune (35) on repr~sente
one premiire 6tape quasi globale donnant CO et H 2 suivi par plusieurs riactions d'oxydation usuelles pour
CO et H9.

0~H~ 50 =.-loco 10 lq. 0 IC 1; 0 1

cc o*0 CO, - 1.5 101 0 50

0 U7 _-t 208 311 -0.02 83

012 -

oc l 22 10' -,4. 0

OH H0- M 1' o.5 101

M : Oi-02 lo"' 0 833C

0-l t113 0 500x

IC

Al* 2.J 30" r r
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las c *a-' eax approciles aunt snvisagsabis

- oit On Ut illac up mod-le tis combustion turbulente fondC aur la notion ie ic-nait dei
t lit: onj o Ientc v /W) t. 1v I.odel "eddy break up',

- it .11 mnicrc stop] if ikC (15) on caiccile la fraction die flutids rndlangd- de fa,,on mi-
-- pi 3t fiitiit dc lit pertu de charge).

a': nrc- a:d P!7jctacns enc-lsaoev, on a Jsa--dottreupsU -x:
v! t r, it '. I-a ort su~vant -i t , arn r I 'unic vi t' ss- relati vs as:i a], r-tiio

pc slo! .. la vitouss"o 'ii-, Tin':a 11 Yaz danas Ie ioaeuzI VQ ol 02sa.i2i
zci'v I;,"civ- J wi'i 40 tmes .--pa a V. 1, vaIlour nioyc'iiv' entr o t ' at rccs1

<cT.~v it, r, Li '-iie t 2 2'.

R-vIra I u V d , -Js as ftc tinl, t d, a-a rts; expc-rimerisaux appl ieai-los ass c-a ,, joi ica,s

j1 I- i 5'i a.ist-ri'ataoi.qj Lwa/s iai~ l

I o t I-- d'amtr- moyeri dirt st rn- la varIat~on i [pirti a: ds eorroiariona v-c' t

3...Application an R.P.M.

Le concept tis R.P.M. pernettant is renire cc-mpte dse certaines caracreriatiquos
renc-'nr rdes dana lea fosers r~ela mats en gind-ral is fa,;on plus complete (par esemple la stabiliti); il soat
ctrs-u tile, pour conprsnir- ics bases is tea me~canismes et en dc~gager lex teniantes. Scous nous sormes dons
intd resad-s L, l'influenre is la puled-risation sur lIa atabtlt d'n tel foyer.

A Ia figure 11 eat reprisenri-e la limits panvre d'eatincr ion pour un R.P.M. is 11

de olumc sn function diin diand-tr, caracrd-risttqne do.

A -marIq u o Lat valo-u r JeIo Ic no t' - ieI e o rc'Spoll I a:1.: r c f,-tons' tcafIx e , r i ar. ce men t a -'2ct
IS2 "'13 c-imn,- Icvmircn Ie- fiqnie, jt1, I. IJo caii-n do d oat ffotfo wa UJ kiaqus pnoint is' tonraotioz-

:1.1 '-.to jlni f. S a pA ""I r do, .r. - aons ( - 5

o-n r.-mnarquc ra quo mia a :'rt annx faaI. 5 1.l I ii1fltlncse, It 1, diLriL/utioPi es: ac,

o p p~nmci, tnt., -o",P"r1'A1J, ,do c:u utaif~ant dana ce c-as ups c'iasao- uiiOu'

i~..:. -: ~1 1.2.1.' Application an ccerae doeutbne swiuserqc;oovo n inroo

Pn eempe d cacul apiul2a foyer is tnrbort~acrsur ayes inj ect ion double
swarler st prcseoti. da figuires 13 et 14. Is moicic ad: nidvnanique eat ccliii prcsenri A la figure ?,, dana
laquclse Ics valciirs is clcbit et volume aunt obtenni a par mesure is tenj a kits adjour et identification.

Fxtinction tauvrs aucline ionnds n c -ant diponible aur la tail/s des gouttes, nus eos cssavSs
pluiiianrs tles o. -(Y 0,2) ;-Q = I13). Lit umpaldison dccc lea sasais corbustlon effestu6s A l'ONERA (36)
aemble corrects ae: inu dianstre die bass voisin tie 70 tam.

Mesaprea en --so -rt is Loser : A Ia figure, 1a aunt prdsntk~ Ii's compara Iions spire Irs profi Is moycrns
-~~~~i 'I-eni-rature et i tine fficasit d, (omh um iia n meanres st -alenlis . Mis at par.t an faibl es rlcee:sea (pour&)

a c onpara I son nous semb Is i ntcr Eta ,

Y5-o .qs. i.r) i , 1 'p ;a ianut, a , c l It siai t1 1) 11 -s1f t f I Ir atto La ic jI

-. 1/i~Dns c t tc apprui Sc In It a2 int propoSde. en Ciolsfment inoplias iquc- par I/ar ~ba er rd-
mao ( i7) oin 'it I I is: It, coup] a ge i-nt re do:; e'sne-de rec trrt Iat ion (ell ipt iquss) rsprd-ssnt es sus forms

- ':i' a dire e Is t en. a ' coil cmct d Ire t (par-tbol Iques) cal mud-es par rd-aolut ion numeriqu tis aIquat tons
/ ffdrent is I lea. ,is, couplags c nt rt ce i/ us rdg tuna eat assuird par upso zone tntermdi a ire tis typc, eons tis

Ovd..I c mno/c I 'P ,-at -ictIe les-nt en cir s ded-eveloppt'nsnt dana not re idCartemsnt , noiia ns-

I .vons, pas t icore apl iquc ai des gt'ctries i/c tuirbor-asteuira (par esenpi c avc swirlCr) . ILe calcul prd-sen-
ti cat die Eclat I f a 'in., .;Cumt rl sinpi if/16, t ype ''dlarglasment brusque'' avc tin combusia /u I lq'lis-o

1 . 1. Moelet

Lit , ;t't r n I, t 'id id-s sa-t cel l Ie 1L Igare 15. l.'ttsoulentvnt ear dilad en
tiroIs part isa;

-11 Ln- cIl tC1nt pararlI /'/'i (F-T) lana lit art Ie''irs-
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71 1 rlol iql t. los condit ions "d tntr ,st t I

t->';r 1 l x) ax + O. n a pri ovan f rm,

Li tts tI '.1J J Is a :, n, r, u~Vd i %- e 0111 dZ

If t 3n4~~ Iat ron t Iond

valour (i, Liars R.P.M.

La zon. de. r- iroulat ion oat reprdsontso dans ot. cas par on soul R.P.M1
c.'nscmbtt dcs conditions auis unites ainal quo la 'otbode de resoitbon Monoriqoc- son'

ILtntes e~n distacl dans 3)

3.3.2 fxompic d'apflication

Afi do tester cette mdthode mixte otilisdo en 4eolement diphasiqoc, nUs axons

ojlcole le ':as correapondant a la gdometrie ddcritc par Craig (37). Bien que cc dornior no donne pas do ddtail

sot la fa~on scion laquelle eat injeotic le carburant, la conparaison noos s;emble intdroasanto.

A la figure 15 on peut soivre id6volution radiale des phases Iiquldoa et vapour

(avant ot apres combustion) 3 plualeurs sections aina! que l~a ddformation de ibhiatogralm do taillo do goottes
qoi so ddformo vers un diamitro moyem infdrieur vera lea sections aval (do fait de la vaporisation).

One coslparaison intdtesaarte ear aussi donnde a la figure l6, ele porte sor LIo-
fioaoitd do combustion moyonn~e selon un rayon pour plusicura sections.

Ama!i qoc nous le notons en introduction, le but de cc travail 6tait do prdsontor in

onsonsio do techniques expdrimentales capables de fournir des donodes qualitativea et qoantitatisos sof-

fisammont gdn~rales sur l'adrodynamique interne de foyers do torboriacteurs ;ccci afi do servir do has,

3i dons types do modLdles servant S calcuier Les performances do tela foyers. En effot, bien qo'ollos so iont

oh tonoos dana des conditions d'iCcoulement isothormos, ces cxpdriencea se aont montrecs capabics dt, foornir
dvs donndei s a rodynamiquos correctes pour une piage importante do conditions expdrimontalos. In part icoilier
Los divorses corrdlationa obtenues sur le dibit recirocId R ainsi quo sor la granolomZitrir so r>'Llont
on oitil prdcioos au stado de l'avant projet.

L~a mdthode do calcol do typo moduladro, dont lea r~aoltats ddpondont lortomont doeo~.

deciton a.... miu le 'col.et a tL amnoro~o en tean cop ds paunlomonus 'vaporation
ot do mdlangc des ,oattes permettant ainsi d'espliqoer la forme priso par certainos courbos do stabiLirtl.

Enfin on ddveloppcment intiressant rCdside dana l'utilisation do moddle misto qoi docvrait

poovoir prochainement s'appliquer a des gdombtrioa ploa comploses d Loouioment (impact do jots, injootoora

4I swirler, 6change entre film do rcfroidissemcnt: ot reciroclation... 7. Los premiers rdsoltata obtonos sot
line gdomotrie aimplifif l porafasent on effet enCOtrageants.

1I noos semble donc qule cet ensemble do techniqlues espdrimontalos ainsi quo do moyona do

calcol permet, sans ontratnot do co~ts tropl ,levds, non soulemont doexploror diffdrentos posslbilltds,
iddes on sonsibil it a dos mod if icat ions gdom~triqoos nais aelssi d 'optimis. r Iec dossin d 'ono ciambrt af il

do lo~i permtro de rt~pondro a divers crireres do functionnemont.
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COMPARAISON ENTRE ESSAIS COMBUSTION ET
RESULTATS DU MODELE MODULAIRE. FIGURE 14 : INEFFICACITE DE COMBUSTION ET
INFLUENCE DE LA PULVERISATION. TEMPERATURE EN SORTIE DU TURBOREACTEUR

A DOUBLE SWIRLER.
COMPARAISON ENTRE ESSAIS COMBUSTION ET
RESULTATS DU MODELE MODULAIRE.
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DISCUSSION

C.Sheppard, UK
The technique of breaking down a combustor into a series of well-stirred and plug flow reactors has the attraction
of uncoupling mixing and chemistry, allowing the adoption of a realistic chemical kinetic scheme. However the
method has a fundamental flaw in that it ignores the vital interaction between combustion and turbulence; a good
representation of it is necessary to predict pollutant formation and stability. At Leeds, we have developed a
mixing flow reactor which incorporates a series of coalescence and dispersion events, following the ideas of Pratt.
Have you attempted to model your flows using such concepts? I would also appreciate your reaction to the above
comments.

R16ponse d'Auteur
Je connais effectivement les travaux de Pratt mais nous n'avons jamais essay6 ce concept dans nos mod~les de calcul
modulaire.
.Je suis d'accord avec vos commentaires, mais nous avons plutbt cherchd i obtenir une representation correcte de
l'aerodynamique car sans cela tous les perfectionnements sur la cinttique chimique ou sur l'interaction entre com-
bustion et turbulence W'ont que peu d'intdrit. Ensuite nous avons pris en compte le caractdre diphasique de
I'6coulement en considdrant le mouvement, l'dvaporation et la combustion des gouttes. Enfin le mod~le peut aussi
tenir compte des interactions entre turbulence et combustion au moyen d'un mod~le simplifid de type "eddy break
UP,

G.Winterfeld, Ge
The correlations used in the model are developed for a SNECMA combustor. Can you comment on the use of the
correlations for combustors of different geometries and hence different flow fields?
With respect to recirculation mass flows and residence times, work done at DFVLR shows that for recirculation
zones behind bluff-bodies there are considerable differences between the isothermal case and the case with com-
bustion. This is a point which should perhaps be looked at in more detail.

Rdponse d'Auteur
Effectivement, je n'ai prtsentd que des comparaisons portant sur des maquettes SNECMA. Cependant, ces mdthodes
ont dti appliquees A un nombre important de gdombtries de foyers de turbo ou de stator6acteurs. Les conclusions
que nous tirons de ces 6tudes sont les suivantes:

Les diff~rentes chambres de combustion rencontr~es peuvent se mod~liser A partie de 3 ou 4 mod~les diff~rents

de foyers 616mentaires;
certains param~tres tels que Ie debit recirculd peuvent s'exprinier siniplement en foniction de paramiftres
g~omdtriques ou cindmatiques simiples.

Je suis d'accord avec votre deuxi~me remarque, mais if me semble que l'influence de Ia combustion porte surtout ,
longueur de la zone de recirculation;

dibit entraind A l'int~rieur de la recirculation;

6change massique entre la recirculation et l'extdrieur.

10

*.Owl
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PREDICTION DES PERFORMANCES DE RENDEM4ENT ET DE STABILITE D'UNE CHAMBRE DE COMBUSTION

Y. CHAUVEAU - M. DESAULTY -G. BAYLE-LABOUR9

S.N.E.C.M.A
Centre de Villaroche

77550 MOISSY CRA14AYEL - FRANCE

RESUM4E

La recherche dune compacit6 croissante des chambres de combustion modernes conduit & une optimisation de
plus en plus pouss~e de cam dernic~rea visant A assurer dans ls volume le plus faible possible, lea per-
formances requises de rendesent/pollution at de stabilit6.

Cette optimisation ne peut Stre r6slis~e de mani~re 6conomique qu'en dtveloppant des outils de calcul
* capsbles d'estimer les performances d'une dhambre au stade de lavant-projet.

Le moddlle pr~sent6 dsns cet article eat bas6 sur le principe de Is d~composition d'une chambre de combus-
tion en foyers homoganem a~rodynsmiquement coupl~ss entre eux et siftea de zones r~actives oQ ls combustion

* eat pilot6e par la cin~tique chimique. Une comparason portant sur lea niveaux de pollution et lea limites
de sabilit6 calcul~a et expirimentaux a 6t6 effectu~e pour un foyer bidimensionnel simulant une zone pri-
maire de chambre de combustion d'une part, at pour une chambre compl~ite d sutre part.

PREDICTING A COMBUSTOR EFFICIENCY AND STABILITY PERFORMANCES

ABSTRACT

The need for an increased compactness of modern combustors leads to an ever more developed optimization
of theme combustors, that aims at insuring the beat efficiency/pollution and stability performances in
the smallest possible volume.

One of the cheapest way to achieve such an optimization is to develop computer codes allowing to predict
the performances of a combustor at the design stage.

The computer model presented in this paper is based on the principle of a description of the combustor asI
a series of well-stirred reactors, being aerodynamically coupled with each other, and acting as reactive
zones where combustion is controlled by chemical kinetics. This paper also details the comparison between
computed and measured emission indexes and stability limits for a two-dimensional reactor simulating a
combustor primary zone, as well as for a complete combustor.

NOMENCLATURE

Cp Chaleur sphcifique du gaz mu voisinage de Is goutte
Cx Coefficient de tratnfe
D D~bit d'air di Is chambre de combustion
Dr D~bit r~duit - D-VIYt/pte
L Chaleur latent& do vaporisation
A D6bit manse 6vspor6 par goutte
Pr Nombre de Prandtl
Pt. Pression totals asont chambre
R Rayon do goutte
Re Mombre do Reynolds ramen# au rayon de I& goutte
51W Diamtre soyen do Sauter
TL Tep~rature do vaporisation du carburant
T.0 Tomprature do la chbre mu voisinage do I& goutte
Tte Temp~rature amont chambre
V Vitosse

00 Rapport d'6quivalence du fond de chambre
SP Parts do charge
'A Conductivit6 thormique du gaz
9, Masse vouique

X1fl Charge ahrodynique D (Vvolwno de Is chembre)
'.tJ8aTte355

S Tension suprficiolie

I:4DICUSZ

0 Oott.
I Itat initial
L Liquids

LW.
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1 - INTRODUCTION

L'augmentation du coat des easais partiels de combustion a conduit lea motoristes et la SNECKA en
particulier A se doter de cathodes de pr~vision permettant, au stade de ilavant-projet, d'aboutir A
Ia conception d'un foyer dont les performances sojent proches de l1objectif A atteindre.

Ce document pr~sente une m~thode de pr~diction du rendement et de la stabilitA et btablit is synth~se
des recoupements obtenus avec llexp~rience concernant Ilindice d'6misajon de CO et les limites de
stabilit6 d'un foyer bidimensionnel simulant une zone primaire et d'une chambre de combustion
compl~te.

2 -DESCRIPTION DU MODELE

2.1 - Principe de la m~thode de calcul

Le principe de is mod~lisation adopt~e pour le fonctionnement d'une chambre de combustion
repose sur ie concept de Is ddcomposition de celle-ci en volumes 6l6mentaires assimilables
soit & des foyers homog~nes, soit A des r~acteurs pistons /1, 2, 3/. En d~pit des difficult~s
de misc en oeuvre de is m~thode aur le plan sarodynamique (identification des foyers 6lamen-
taires, couplages entre ceux-ci, distribution du carburant dana l16coulement), ce type de
mod~le pr~sente lavantage par opposition sux mod~lisations bi et tri-dimensionnelles de per-
mettre l'utilisation, pour des temps de calcul raisonnables, de descriptions d~taill~es des
m~canismes de cin~tique chisique.

2.2 -Description sarothermochimique de l16coulement

2.2.1 -Caract~risation a~rodynai e Et repr~sentation de is chambre

L,1coulesent au sein de Is chambre de combustion et notamment de is zone primaire a
caract~ris6 au moyen de msures r~alis~es en anslogie hydraulique cur une maquette en
plexigsc simulant un secteur de chambre bquipb de quatre injecteurs sarodynamiques A
double vrille. Cette 6tude exp~rimentale a 6ti effectu~e par le CERT A TOULOUSE /4' 5-
et a n~cessit6 Is mice en ouvre de diversec techniques cosine Is visuelisation A Vaide
de traceurs af in de settre en 6vidence lea grosses structures de 1'6coulesent, is
mesure de vitesses par fil chaud ou par ADL pour une analyse plus fine de l'6coulement,
et Is msure de temps de shjour permettant d'identifier des volumes assimilables & des
foyers 6l6mentaires et d'Gtablir lea r~partitions de d~bit et lea 6changes entre ces
di ff~rents foyers.

La chsmbre de combustion est sinai dhcompos~e en volumes r6actifs conform~sent aux
r~sultats d'analogie hydraulique (figures 1 - 2 - 3). Les trais foyers repr~sentant le
fond de chambre cont aliment~c en partie par le dibit du syst~se dinjection et cant
coupl~s entre eux par des mouvementa de recirculation, lea deux foyers suivanta
complatent is zone primaire, et lea autres foyers aisulent ls zone de dilution.

Des expressions analytiques traduisant 1 influence des param~tres g6om~triques et
adrodynamiques permettent de d~terminer quantitativement les dhbits slimentant chscun
de ces foyers.

2.2.2 - Iodfilisation de is chimie de is combustion 1
Les nombreuces 6tudes partant cur is cin~tique chimique des r~actions de combustion ant
d~bouch6 cur Is conception de mhcanismes r~actionnels de complexit6 croissants inter-
venant mu courm de l'oxydation des hydrocarbures.

Il existe deux mani~res principales d'aborder Is description de is chicis de is combus-
tion :Is premi~re consiste A utiliser des schsmas aimplifi~a tels que des sch~mas
globsux qui ne comportent qu'une seule r~action, semi-.globaux A pluajeurs 6tapes /6, 7/,
ou quasi-globsux avec une 6tape globsie pour la d~compocition de l'hydrocarbure et un
mod~le d6taillA pour lea phinomAnec doxydation /8, 9/, is seconds r~side done l'utili-
ation de m~canismes dhtmill~s pour dhcrire A Is fois is phase de pyrolyse de l'hydro-
carbure et is phase d'oxydstion /10/.

Dane le cadre de cette 6tude des performances en stabilitA des chambres, un schma
cin~tique d~taill6, d~riv4 du micaniase 6tabli par le CRCCHT d'ORLEANS /10/. a 6t#
introduit dsne le mod~le de calcul. Ce sch~ma eat implant6 dana une version qui
comporte soixants r~actions chisiques 6l6mentaires et fait intervenir vingt cinq
eap~ces.

Lora dune r~cento 6tude des performances en pollution des chambres /11/, uns comparsi- K
deson a t6 effectuhs entre un achdcia quasi-global divelopp6 par Is SHECKA et is achdma

d~tailiA utiliad actuellement, at lea rdoultate obtenus cur un foyer homogbne unique
ont contrA l'int6rfit du m~canisne ditaill6 par rapport But schuss quasi-global dont Is
comportement en r~gise suratoechiom~trique eat nettement errond. En particulier, is
domains de atabilit6 du foyer homog~ne set trbm bien rstituA par is cinftiquie ddtaili~e.
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2.3 - Rapartition du carburant dans la chambre

Le carburant eat introduit dana la chambre de combustion par un diapositif d'injection dite
arodynamique. II est inject6 sous forme de nappe liquide par une fente annulaire en pr~sence
d'6coulements d'air interne et externe au cylindre ainsi form6, animks de certaines vitesses
initiales par rapport au carburant.

En vue d'aboutir A une modalisation par assemblage de foyers homog~nes acceptable, plusieurs
problases doivent 6tre consid&4s isl caractarisation de is pulv~risation, Ia modalisation de
la vitesse relative air - carburant at le sodale da6vaporation du carburant. En outre, la
rapartition initisla du carburant liquide antre lea diff~rents foyera suit une loi 6lasentaire
faisant intervenir lea dabita d'air des diffarents orifices du syatame d'injection.

2.3.1 -Pulvariaation

La formation dea gouttelettes raaulte dun processus de dksint~gration de Ia nappe
liquide at leur taille rev~t une importance capitale pour le fonctionnement da Ia
chambre. Des 6tudes thaoriques de 1 injection a~rodynamique basacs sur des calculs de
perturbations sont effectuaes en laboratoire /12/ pour tenter d'expliquer lea phanom4-
nes de rupture de la nappe an ligaments at de formation de gouttes par rupture de ces
ligaments.

Par ailleurs, Ia datermination exparimentale des tailias de gouttelettes par diffrac-
tion de lumiare fait l'objat du d~veloppemant de nouvelies techniques /13/ ;is
SNECMA eat pour s part 6quipae d'un dispositif d'essais se composant dun injecteur
a~rodynaaique aliment6 en air at en esu dabouchant A l'air ambiant sous is forme d'un
nuage de gouttes, at en aval duquel est disposd un granuiomatre laser MALVERN /14/.

La traitemant diff~r6 du signal recuejilli permat d'identifier une ioi de distribution,
par example de type Rosin-Rammler /15/, A is r6partition en taille des gouttelattes, et
de d~terminer en particuliar, pour diff6rentes partes da charge du systfme dlinjaction,
la diam&tre soyen de Sauter not6 SMO /16, 17, 18, 19/ qu'ii eat possible de relier aux
parformances dinjection par une relation du type /20, 21/:

SMD f (d~bit carburant/d~bit d'air, caract~ristiques physiquas de l'air at du carbu-
rant, parts da charge at caract~ristique g~om~trique de l1injacteur).

En l'absenca da r~sultsts axp~rimentaux pour un injacteur aliment6 en k~ros~ne, combus-
tible dont Is tansion suparficiella eat nettement plus faibie que cells de l'eau, la
SMD 6quivalants pour le k~ros~ne ant 6t6 d~duits des SMD sesur~s avac de l'au d'apr~s

Ia formulation approch~e suivante d~termin6a & partir de corr~lations 6tablies ant6-
riaurament /21/

SMD (k6rosbne reasion) (dk6rosene Patm 0,6 k~ros~ne O0l

eaPat)3eau
La figure 4 pr~sente I'6volution du rayon de goutte RGi , n~cessaira & ilinitiaiisation

du caicui at d6duit des mesures granuiom~triques en fonction de is perta de charge de Is

chambre qui eat ii~e au d~bit r~duit Dr = D ; the caract~riaant son fonctionnement.

La qualit6 de is puiv~risstion eat 6videmaent d6grad~a loraque Is pression d~crott.

2.3.2 -Vitess relative air - carburant

La mod~lisation par assembiage de foyers homog~nes ne parmet 6videmment pas is descrip-
tion fine du champ s~rodynamique de I '4coulement dsns Is chambre. La souvoment des
gouttam eat donc suppos6 saeffectuer doe is m~me direction qua 1'6coulement principai,
ce qui conduit & I'6quation de souvement suivante

dV G 3 U L (V G V '

37t 9 G R G 9 Vg) jj V Vg

00~ VG disigne is vitamins des gouttes, de masse volumique 9,G, at V is vitesme du gsz

damamvolmiueg, calcul~e dana un foyer & partir du dfibit masse, du volume at

La rayon do goutte R Geat une fonction du tamps /22/, Is ici de d6croimssnce utiiis&e
eat expiicitde au paragraphs 2.3.3. La vitesse initials des gouttas V, i etimha A

partir des condition. d'alimentation en carburant at do is ghooi6trie du dispoaltif
dlinjection, eat trim faible par rapport A Is vitease du Saz au voisinage do 1iextinc-
tion.* Le coefficient de tratnio des gouttes Cx eat fonction du noebro do Reynolds /23/.
Llerrour introduite par cotta description achimatique eat nigligoablo car Is viteao
relative gaz liquids diminue rapidomont sprig Is phase de puiv6rination.
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2-3.3 -Evaporation du Carburant

Le carburant eat inject6 ponctuellement en fond de chambre, ce qui permet de supposer
que Ia concentration locale en oxyghne y eat aasez faibie, et que le mouvement relatif
gaz - gouttes eat suffisant pour emp~cher Ia combustion des gouttes en surface. Cette
remarque conforte le choix de Is ioi d'6vaporation simple /24/ qui a 6t6 introduite
dans le modhle;

i = &s (1 *0,276 Re 
1
/
2 

Pr 1/3)

avec :As = Cpr Log(1l+Cp (%0 - TO / L)

3 -RESULTATS OBTENUS

3.1 -Dispositifs exphrimentaux

En vue de prochder A des comparaisona entre lea rhsultats du caicul et lea rhsultats d'essais
rhalishs au banc, le modhle a 6t6 teat6 sur un foyer bidimensionnel comportant cinq injecteurs
adrodynamiques et aimulant Is zone primaire d'une chambre de combustion d'une part et sur une
chambre exphrisentale complhte d'autre part.

3.1.1 -Le_foyer biclimensionnel - zone prisaire

Le foyer bidimensionnel aimulant une zone primaire eat prhsent6 sur Is figure 1.

Celul-ci a dt6 con4 u de sanihre inodulaire de faqon A pouvoir btudier Ilinfluence des
parsmotres suivants:

- le dhbit du systhae dinjection,

- Ie dhbit, le blocage, ou ls position axiale des trous primaires.

Son fonctionnement a 6t6 6tudi6 dana le domains de pression et de temphrature suivant

0,6 bar AC Pte <. 4 bar

300 K < Tte 41; 625 K.

Ce domains eat celui oO ia modhlisation chimique a Ie plus diaportance sur lea rhaultata
en sortie de zone primaire.

Des inesures par prhlivement au inoyen d'une sonde d'analyse de gaz ont 6t6 effectuhes
dana Ie secteur des trois injecteurs centraux de manibre A6 viter lea effete de bords.
Lea principales espices, CO - CO 2- Clix - NOx ont 6t6 inesurhes.

3.1.2 -achambre exphrimentaie complhte

Ii s'agit d'une chainbre, de combustion conique 6quipfie dun systbme dinjection ahro-

dynamiqAe A double vrille.

Une coupe schhmatique de is chasabre eat prhsenthe sur Is figure 2.

Son fonctionnement a O6 6tudi6 dana le domains de, pression et de teinphrature suivant

0,3 bar r. Pte As; 15 bar

300 K mr Tte AC 823 K.

3.2-Etude de pollution

Une validation du code de calcul dans ie conditions de fonctionnement prhsenthes dans le paragraphe
3.1 at pour diffhrentea configurations ghomhtriques dena s lecas du foyer modulaire, a perms de

vhrifier is capacith du modble A prhdire lee indices dh6mission de, polluanta /11/. La figure 5t
prhsentant Is comparason entre is calcul et lea assures dindice, d'6amission de CO en fonction
de, is charge ahrodynamique constitue une illustration du bon accord qui a Pu Atre obtenu eussi
bien sur Is foyer bidimensionnol quo cur Is chasibre, compihte.

3.3 -Etude do stabilit&

3.3.1 - La-zone Primairs

Les limit n d'extinction pauvre dui foyer ont 6t6 caiculhes pour des tempfiraturos Ik
- ±entrhe mpriuos entre 300 K et 623 K A la preasion atsiosphdriquo at on dhpression &

'),6 bar e recoupement entre is calcul st llexphrience eat satiafaisant coupto-tenu
inc Citudes dues aux difficuiths d'apprhciation des limites expifrimentales do

A titre dexemple, Is figure 6 6tablit Is comparaison entre, lee relev&* expirimentoux
at lee r6sultata do caicui A prossion atmosph6rique et pour une tesoirature asont do
300 K.



34-5

En ordonn~e est port6 le rapport d'6quivalence 0 * du fond de chambre et en abacisse
figure le rapport entre le d~bit r~duit et le d~bit r6duit nominal.

L'influence du rayon de gouttem initial eat nettement miseen 6vidence aux faiblem
debits r~duitm pour leaquels Ia stabilit6 de la combumtion eat &troitement li~e A la
qualit6 de la pulv~risation. En revanche, pour dem d~bita r~duits plum 6lev~m, la
atabilit6 eat esmentiellement contr6e par la cin~tique, l'influence de la taille des
gouttelettem n'6tant plum sensible.

3.3.2 -La-chambre-complite

Dem recoupementa ont 4t6 r~alim~a A 300 K et pour un dommine de preamion de 0,6 A
0,3 bar.

La figure 7 pr~sente la comparaison entre le calcul et llexp6rience pour une preamion
de fonctionnement de charnbre de 0,3 bar. Lea tendancem enregimtr~ea concernant lea
limites d'extinction pauvra ne font que confirmer lea r~sultats obtenua avec le foyer
bidimenmionniel.

Les limitem riches exp~rimentalea ne mont pas dea limitem dextinction proprement
ditem de Ia chambre, maim repr6mentent en fait lmappmrition du "torchage" mur banc
d'esai r~saultant du d~placement vera laval de la chambre de Is zone de combustion
vive. Ce ph~nom~ne peut 6tre interprit6 par le calcul en conaid~rant que le recul de
Ia flamme entrains une extinction du fond de chambre, dloO l1obtention dune limite
riche comparable A l'exp&-ience. Lea r~multats du calcul mont en bon accord avec
llexp~rience mur une grande partie du dommine de fonctionnement.

4 -CONCLUSION

La mod~limmtion des chambrem de combustion par assemblage de foyers homog~nea, ammoci,&e A l'emploi
d'un sch~ma, cin~tique d6taill6 permet de pr~voir de mani~re matiafaimante at pour dam coOts de calcul
mod~r~a, lea performances de rendemant/pollution et de stabilit6 des chambrem.

La choix d'une cin~tique d~taill~e r~multe de tests pr~liminmires qui ont montr6 l'int~r8t de ce type
de m~canisme. La couplaga a~rodynamiqua entre la foyers 616mantaires a 6t6 6tudi6 exp6rimentalement
par analogie hydraulique. Dee emaia mp~cifiques ont 6t6 effectu~a pour d~terminer lea caract~risti-
quem da pulv6risation d'un injacteur de type a~rodynamique.

Cette m~thoda de calcul constitue globalament un outil de pr~vision at d'extrapolation particuli~re-
mant utile pour la d~valoppement de chambrem nouvallem.
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CHARACTERIZATION OF HEAVY OIL SPRAYS IN ISOTHERMAL AND BURNING CONDITIONS
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A new drop-sizing technique for slightly absorbing liquid fuel is proposed. The tech Jg.e relies on

laser light scattering measurements at fixed scattering angle in the sideward region O(-60*)_,and it
exploits the effect of light absorption of the refracted rays that pass through the dro ets.Atheore-
tical calibration curve, comput%# on the ground of 4h+ geometrical optics theory, relate~a measurable
plane polarization state (the 2r polarization ratio) with droplet dimensions for different levei of
liquid fuel transparencies. The reasonabl good approximation of the geometrical optics to the exact
solution of Maxwell equation for a plane *lectromagnetic field incident on a sphere is also discussed.
ftrthermore> the measure procedure and the sensitivity of the r erkie is illustrated through selected
experimental xamples. r--his pupeavy oil sprays have beengenerated by an air assisted nozzle on
a vertical unconfined burner in isothermal and burning conditions. 9e radial distribution of droplet
sizes and polarization ratios allowa characterization of spray evolution ffr' the early regions of flame.

INTRODUCTION

Optical measurements methods are particularly suited to the study of the behaviour of sprays both in
isothermal or evaporating regimes and a large body of literature has been generated on this subject
/1,2,3/. A comparison between visualization methods and those based on laser light scattering effects
indicates that the last ones offer the advantage of a better sensitivity toward the smaller droplets in
the spray and allow more easily quantitative measurements.

So far the laser light scattering effects more largely exploited has been the measurement of the dif-
fracted light in the forward region in the Fraunhofer lobe/4,5/. This method has the advantage of being
independent from the optical properties of the droplets but suffers the inconvenience of a poor spatial
resolution, which may be overcome only partially by complex tomographic procedures/6/. Therefore, in last
few years, we started a program of researches in order to explore the potentialities of scattering
measurements for spray diagnostics at different scattering angles with particular regard toward the side
scattering region between s-60* and '-130", where a better spatial resolution may be achieved. A further
advantage of this approach is that the optical configuration is simpler than those employed in the forward
scattering schemes and less subjected to ray distortions due to the temperature gradients in the medius,so
that it may be used successfully also in the study of sprays in burning conditions.

A preliminary study was conducted on diesel oil sprays by measuring the complete angular pattern of
the Stokes vectors of the scattered light and comparing the results with the geometrical optics computa-
tion for micronic non absorbing spheres /7/.The comparison showed that, while the forward scattering
regions (1IO<5<7O), dominated by the contribution of the refracted and reflected rays,was satisfactorily
modelled by a geometrical optics approach, the analysis in the side scattering region around 1-90 has to
be carried out in terms of the exact Lorenz Mie electromagnetic theory for polydisperse clouds of spheres.
In a subsequent paper the polarization ratio of the scattered light at t-105* was proposed as
quantitative indicator of the modal size of droplets in light oil sprays and some examples of applications
of the method to spray interacting with different air flow fields are also given /8/. More recently the
study has been extended to the evaporation of sprays,generated by pressure driven and air assisted
nozzles, in the combustion regime /9/. The straightforward extension of the method to sprays of different
fuels requires the knowledge of its complex refractive index and a cumbersome integration of the Lorenz-
Mie formulas over the polydispersion of sizes. However in the case of heavy oil fuels, which are absorbing
in the visible, a simpler approach may be taken also using a geometrical optics analysis of scattering in
the forward near a-60*.

This paper has therefore the primary purpose of illustrating this new optical sizing method and pre-
senting some results for both isothermal and burning heavy oil sprays

1. THEORETICAL BACKGROUND

The quantity of relevance for LLS measurements is the angular scattering coefficient QiJ( ) defined
as the intensity of light scattered In the unit volume, for unit intensity of the incident beam, under
unit scattering solid angle; the i and j subscripts stand for horizontally (B) and vertically (V) polar-
ized light in the incident and scattered beams respectively and 9 is the scattering angle. In the regime
of single scattering, the scattering coefficient for vertically polarized light is directly proportional to
the total number concentration:

Q N($)- N CVV(-) (1)

where C is the scattering cross section averaged over the size distribution of the scatterers; when
the incldent and scattered beams are both polarized in the horizontal planes, the scattering coefficient
is

QMH( &)-N C,(9) (2)

The polarization ratio between the scattering coefficients r -Q /Qw is independent on the
density of scatterers and is determined only by the size. shape and opticalFroperties of the particle.

Spray generated droplets are practically spherical and exhibit sizes ranging from 1 Pm to 200 Pm; the
real part n of the complex refractive index awn-ik in the visible varies between 1.45 and 1.55, depending
on the paraffinic/aromatic ratio of the hydrocarbons mixture. The imaginary part of the refractive index k
is directly related to the amount of polycyclic aromatic compounds in the fuel and chan&e appreciably
with the scattering wavelengths, as it shall be discussed later.Therefore the dependence of the angular
scattering cross sections in both polarization planee.upon the refractive index a and the size parameter

. "0
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o(=sD/. are exactly described by the Lorenz-Mie theory, in terms of infinite series. It may be shown that
the series converges for a number of terms slightly higher than at and consequently a relevant number of
terms has to be taken into account,because at inside a spray may vary between 5 and 1000; furthermore the
solutions for a single sphere exhibit a strongly oscillatory behaviour in the angular and size domains.
Consequently the Lorenz-Mie computations have to be averaged over a size distribution in order to make
significative comparison with the experiments normally done on polydisperse droplets systems. Hansen and
Hovenier/lO/ executed such extensive computation of the angular scattering cross sections and of the po-
larization ratio for polydispersion of non absorbing spheres with n ranging from 1.33 to 1.5. For the size
distribution they used a r function uf the type:

f(e)=-C 6exp (-6o/ 0 ) (3)
where t is the modal value of the distribution. m

Fig. I, adapted from Hansen and Hovenier paper, illustrates how the polarization ratio changes with
the modal size for clouds of polydisperse transparent spheres with n-1.5 at selected scattering angles.
The differences between the behaviour in the forward scattering at 9=25" andy.- 60* and that in the side
scattering at 9105* and in the backward at & -160* are quite evident.

At-25
* 

theI ratio exhibits a relatively smooth transition from the Rayleigh values ( o < 1) to the
constant geometrical optics limit (a > 1); the oscillations shown in the region between e -3 and 6 are
due to anomalous diffraction generated by the interference between diffracted, reflected and transmitted
light in the near forward/Ill/. The same behaviour is shown at v=60* also if the oscillation due to
anomalous diffraction is more attenuated.

On the contrary in the side and backward regions a rises from the Rayleigh values to a very marked
maximum, which reaches values as high as seven for 0=160*, and then decreases, reaching the asymptotic
geometrical optics limits at much larger o values respect to the forward scattering case. This high
sensitivity of the polarization ratio may be understood in physical terms by considering that beyond
5=97" the scattered light is the sum of surface waves and external reflected rays. While this last
contribution can be treated on a geometrical optics basis, surface waves are described only by the
elctromagnetic theory . Surface waves, which are generated by grazing rays and spray off their energy
travelling around the periphery of the sphere, are preferentially polarized in the horizontal plane
(I >), as it has been pointed out by van de Hulst /il/.When the size parameter is increased the energy
must be distributed over a larger surface,the external reflection contribution becames progressively more
relevant and because the Fresnel equations predict a preferential polarization on the vertical plane the
overall ratio declines.

Therefore the polarization effect discussed before may be used for determining the modal size of
droplets inside a spray; a more detailed illustration of the method and some examples of applications to
diesel oil sprays, atomized by pressure and air assisted nozzles, have been presented elsewhere/8,12/.

Fig.2 evidences that for fuel droplets which are transparent to the incident laser radiation only the
side scattering or backward regions are usable for diagnostics based on polarization measurements at fixed
angles. However when the droplets are able to absorb the incident radiation also the scattering in the
forward direction may be used for sizing measurements. In fact in this region where the ray optics
approximation is adequate, the scattered rays are due to the sum of refraction and external reflection,
with a negligible contribution of surface waves effects.

The presence of a non zero absorption coefficient produces an attenuation of the refracted ray which
travels inside the droplet, but has a minor importance on the intensity and the polarization properties of
the reflected rays. Obviously the net effect on the polarization ratio depends also on the size of the
particle and on the scattering angle. In fact the polarization ratio is expressed by the following

refl refr refl *refs

QHH + QHH CH +CHH exp(-KabsD sin (

Qrefl refr _refl *refr exp(-K
QVV W VV e(-abs sin

II

where the superscripts refl and refr stand for external refraction and refraction, c*refrare the cross-
sections for the refractive contribution computed for a purely transparent sphere of diameter D. K . is
the absorption coefficient of the liquid which is related to the imaginary part of the refractive Index
with the formula:

K -4-
k /  

(5)
is the angle between the abngent at the impact point of the incident ray and the chord described by

the refracted beam and is a function of the scattering angle 4/13/.
Fig.2 reports the angular profiles of the polarization ratio, computed through eq.4 2 for afm 5"

particle with n-1.5 for the transgarent case (k-0) for relatively high absorption (k>lO- ) and for a

slightly absorbing condition (k-10-). 2i When k is equal or larger than 10 the refractive contribution is practically negligible and the
polarization is determined by the external reflection and therefore is computed through the Fresnel
equations. Consequentely the j ratio is equal to one in the near forwardgoes to zero in correspondence of
the Brewster angle at #-arctg(n) -67* and then increases again in the.side region.

The contribution of the refracted rays are fully manifested in the transparent case:in the forward
region (5*<S <70") the cross sections for refraction are almost one order of magnitude larger than those
due to reflection and the y ratio behaviour is almost completely determined by them.

AThe refracted beams are preferentially polarized on the horizontal plane and I goes from one to a
maximum of 1.4 in corrispondence of the Brewster angle. ref 1 ref1

For scattering angles larger than 3-70" both C and C decline very rapidly and their
contribution goes to zero beyond >90, at the limit angle; therefore the a. ratio in this region falls
down from values larger than one to the pure reflective regime discussed before.

The two minima at 9-93" and a-157* are due to the rainbows generated by two and one internal
reflection respectively /14/. However it is worthwhile to underline that this geometrical optics approach
does not have a great relevance for the side and back scattering regions because it does not take into
account surface wave effects and poorly describes the rainbow and glory regions.

A partially absorbing particle has polarization ratios in the forward region intermediate between the
two cases discussed above. The larger variations occur between t 600 and 90 ° because in this region the
polarization ratio due to external reflection is particularly lower than that due to pure refraction.
However the I fall off in the region between the Brewster angle and the limit angle Is very steep and is

t "5 -,

Io
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influenced by the exact value of the real part of the refractive index, whereas at a =60
° 

the sensitivity
of the 2 ratio toward the optical depth K bsD is still high, but the choice of m and & is not so
critical.

The computed fall off of g (600) with kD is reported in fig.3 where the separated influences of the
size and the optical absorption are also shown.The polarization ratio tends to its reflective limit for kD
larger than 0.3 pm; it means that T (600) may be used for dejermining the sizes of droplets with an upper
limit of 300 pm when the absorption index is equal to 10 but obviously it has sensitivity only for
particles up to 3pm when k-10

Hencefore a previous measurement of the absorption index of the liquid is critical for the appli-
cation of the method and the spectrophotometric measurements of k from 200 to 800nm of the heavy oil used
in this experiment are shown in fig.4, together with the corresponding curves for heavy and light crudes
adapted from the fluorescence measurements by Hoge /15/.

The k profile has a peak at 220 nm with a value a ound 10 and then decrease in the visib e; at
514.5 nm (at the laser wavelength), k is equal to 5.5x10 and at ). -800 nm it goes down to 1.2x10 .

The curve relative to the heavy crude is quite near to heavy oil distillate whereas that obtained for
light crude exhibits a much lower absorption. These differences are indicative of different concentrations
of the polycyclic aromatic compounds in the fuel mixtures.

2. EXPERIMENTAL

A schematic description of the apparatus for light scattering measurements is reported in Fig. 5. The
light source used in our experiments was an Argon-Ion Laser tuned on the wavelength X -514.5 nm with 1.4 W

power. A finite segment of the laser ('-300 pm) is focused through a condensing lens on the aperture of
the detection system constituted by a monochromator, selecting only the laser wavelength, and a photo-
multiplier transducing the scattered radiation in a d.c. signal. The angle between the axes of the laser
and of the collecting optics is defined as the scattering angle & and both axes lie on the scattering
plane which is the reference for the definition of the plane polarized light. In fact the vertical and
horizontal polarization are respectively referred to the electrical field perpendicular or parallel to the
scattering plane. The continuous rotation of the laser polarization plane was allowed in our experiment
through a X/2 retarder plate, placed in front of the laser, whereas the selection of the polarization
plane of the scattered light was performed by means an analyser at the entrance of the detection system.

With this arrangement we can measure the two quantities of our interest Q and Q , i.e. the
scattering coefficients measured at fixed scattering angle ( 0-60) when the incident and scaTtered light
are the same: vertically polarized in the first case (QVV) and horizontally polarized in the latter one
(QHH).

A more focused picture of the experimental set-up and of measuring methodology can be obtained by
previous papers of the authors /16,17/.

Furthermore it is worthwhile to note that other polarization states /18/ or dissymetry ratios
between two scattering angles /17/ or dispersion ratios between two light wavelengths /19/ may also be
explored with this kind of optical set-up for sizing or particle characterization techniques, but this
paper will deal only with scattering measurements of fixed angle & -60* in order to analyze the sensi-
tivity of the polarization ratio to droplet size.

Vertical unconfined sprays in isothermal and burning regimes can be generated up to a fuel mas flow
rate of 30 kg/h by a variable swirl burner described in previous papers for diesel oil flames / 17 , 20 /.
The only relevant modification is constituted by the change of the pressure nozzle with an air assisted
atomizer drawn in Fig. 6.

The heavy fuel oil is injected through four peripheral orifices into a pre-chamber where they meet
the four air jets coaxial to the geometrical axis. Both the air and the liquid fuel are forced to pass
through an orifice (#-0.9 mm) at very high velocity. The atonization characteristics have been preliminary
assessed using diesel fuel oil by analyzing drop sizes at different air-fuel mass ratios (R) /21/.

A spray with 20* aperture is generated when R>O.l for diesel and heavy fuel oil and droplets diameter
of the diesel oil on the axis is very low/12,21/; higher values of R do not affect sensitively the cone
aperture but decrease the modal diameter up to R-0.05.

Two coaxial ducts (9 -28 m, --74 m) confine primary and secondary air, which are respectively
axially and tangentially oliented. In ~hi• work the operative condition* are fixed as it follows

Fuel Atomizing air Primary air Secondary air

v 8 1/h v 500 N/h v-9000 Nl/h v-150000 N1/h
T : 70C T 70C T= 170C T - 170C

n - 0.48
aw

The swirl number has been calculated following the formula by Be6r and Chigier /22/ for a fixed position
of radial swirl blades mounted at the entrance of the external duct.

3. EXPERIMENTAL RESULTS

The preliminary masurements of the J polarization ratio have ben performed on the isothermal
spray, so ht the measured ansorption index at k-51i4.3 = is surely constant everywhere in the spray
(k-5.5xlO- ) and the r variation can be attributed to different average sizes of the droplets.

The radial profiles of y in the isothermal spray are reported in fig. 7 for five heights above the
burner. A unit value on the centerline at all stations keeps constant whereas all the profiles evolve
toward lower values outward. The most steep radial gradient is observed at z-20 Ms. in fact at Y-12 ma it
attains a value of 0.43; relatively lower gradients are measured at za30 am and ao0 on, eveathough the
profiles are very similar to that one relatively to z-20 ma and the most peripheral position, where
could be measured, is at all the three stations around 12 mm.

On the opposite side the other two stations show a more gradual decline and cover a larger area up to
y-23 mm. The sam curves, expressed in terms of diameters with assumption of momodispersn spray, have been
deduced by the theoretical calibration of fig. 3 and they are reported n fig. 6. Analogous comesats with
inversion of trends can be repeated for these profiles: the first three curves evidence that the spray
plume in the early region retains more a cylindrical shape the a cone on and that higher is the height
lower is the diameter of the droplets at the periphery of the spray. In fact the largest mle of D=20 PR
is observable at s-20 m. y-lO m, and this value declines to D-16 pm twemy millimeters dommetremm.
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This radial size distribution is in reasonable agreement with the atomization mechanism proposed in a
previous paper /21/ for the same nozzle spraying diesel oil: the high velocity slip between the two phases
is responsible for the quite high level of atomization on the center whereas a little amount of liquid
escapes the gas jet and it survives in form of relatively large droplets. In this early regions
aerodynamic dispersion due to the central axial jet induce the small droplets to mask the larger ones.
Only at the station z-50 mm the entrainment of the droplets due to the external swirled jet become
evident and a more uniform profile is observable also at z-60 am.

Finally it is interesting to follow the spatial distribution of the polarization ratio for a burning
spray in fig. 9, where the iso-value contours of g are reported for the same fluid-dynamic inlet condi-
tions of the isothermal regime. Along the centerline the a -ratio does not keep constant value, but it
decreases quite rapidly in the first 50 m and more gradually in the following part.

Much steeper gradient are observed moving outward from the axis and a relatively wide region, where
g ranges between 0.2 and 0.3, is detected at the periphery of he flame.

These low values are circumscribed within a dashed line in order to underline that they coincide with
an area where a yellow luminosity is visually observed; so that it is not surprising that a f value of
0.25 is also predicted by the theory for the submicronic soot particles /17/, which are, in fact.
responsible for the light emission.

On the other side the axial and radial decrease of Z in the central part can be related to the
increase of K D; therefore it is open to speculation whether the a variation has to be attributed to
large dimensions on the border of the spray or to an increase of the absorption coefficient due to
production of heavier polycyclic compounds through liquid phase pyrolysis near the flame fronts. It seems
plausible that a selective vaporization favors the survival of large droplets near the nozzle and along
the axis, whereas pyrolysis effects are more pronounced on the periphery where the temperature is
relatively high to cause chemical alterations.

4. DISCUSSION OF THE OPTICAL TECHNIQUE

The main purpose of the paper was to explore the possibility of using the geometrical optics control-
led features of the forward pattern of scattered light in order to determine the size of droplets; there-
fore a minor emphasis is given to the physical description of the spray.

This method offers the normal advantage of the LLS techniques over the visualization ones of being
particularly sensitive towards the smaller droplets of the size distribution and it allows consequently a
better physical understanding of the atomization process itself. Furthermore, being an ensemble LLS
technique it offers the possibility of studying the dense regions of the spray where the single counting
particle methods are not applicable /23/.

An obvious disadvantage of this method consists on the necessity of assuming a size distribution law.
however the fact that the scattering cross sections are described by simple geometrical optics
expressions instead of the complex Lorenz-Mie series allows to perform the integrations analitically.

The polarization ratio depends, as it was discussed before, also on the imaginary part of the
refractive index of the medium. This effect may create some problems when the optical constants are vary-
ing for thermal or chemical processes, as it happens in the liquid pyrolysis phase inside burning sprays;
however when the size of the droplets are known indipendently, e.g. from LLS measurements at other angles,
the value of the r polarization ratio might be used for inferring the absorption index itself.

Furthermore the strong dependence of the absorbing of hydrocarbons mixture on the wavelength enlarges
the dynamic range of the technique when a tunable laser or polychromatic lamps are used as light sources.
Also different scattering angles in the forward should be considered; for instance at the Brewster angle
the horizontally polarized cross section due to refraction goes to zero and the overall ratio tends to
particularly low values.

This circumstance has a relevance for burning sprays where also submicronic soot particles are
present in the system because measurements of horizontally polarized scattered light at the Brewster angle
furnish a direct signature for this last class of particles. A comparison between the polarization

property of light scattered by ensemble of droplets in the forward and that scattered in the side scatter-
ing region is also interesting for physical and diagnostics aims. In fact side scattering polarization is
determined by the sum of reflected light and surface waves as it was pointed out before; consequently
independent evaluation of the particle size In the forward should permit to assess the importance of the
surface scattering effects even in cases where the optical properties of the droplets are not precisely
known.

A final comment must be addressed to a comparison between droplet diameters estimated In this paper
for heavy oil spray with those obtained for light oil spray in a previous paper /21/. The radial size
distribution show a quite similar behaviour for the two fuels at the same heights, eventhough droplet
sizes of the heavy oil approximattvely double those of the diesel oil. Therefore the same atomization
mechanism can be inferred for both fuels, although some change in the physical properties make the droplet
diameters higher. The viscosity, also taking into account the preheating of the heavy oil. is the only
reasonable parameter, to which this effect can be attributed, since density and surface tension retain
practically the same value. It has been documented /24/ that the shattering of the liquid due to velocity
slip between the two phases is not affected by viscosity, so that the reasonable conclusion is that higher

viscosity entails larger thickness of layers or filaments which are formed In the nozzle prechamber.
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UTILIZATION OF LASER DIAGNOSTICS TO EVALUATE COMBUSTOR MODELS
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and R.L. Britton
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1.0 SUMMARY

This paper presents an overview of results obtained in the Combustion Model Evaluation research
program being sponsored by the Air Force Wright Aeronautical Laboratories. The characteristics of a
bluff-body research combustor used in this program are described. Data obtained with a laser Doppler
anemometer system and a coherent anti-Stokes Raman scattering system are presented. These results and
those obtained with conventional probe devices and flow visualization techniques are compared to both
time-averaged and time-dependent calculations of the near-wake region of the bluff-body flow field.
The results of computer model experiments of the flow field for different diameter bluff bodies are
also presented.

2.0 INTRODUCTION

Computer models are being developed and utilized in some combustor development programs in an
attempt to reduce the development cycle and the associated development cost [1,2,3]. The combustor
design models presently provide information about performance trends and give insights into the
combustion processes instead of providing quantitative design information [4]. Consequently,
considerable work is needed to thoroughly assess the performance of existing and future design models
and to improve their predictive capabilities in practical combusting environments.

In 1977, the Air Force Wright Aeronautical Laboratories/Aero Propulsion Laboratory (AFWAL/APL)
initiated a Combustor Model Evaluation (CME) research program. This was viewed as a long-term program
with two primary objectives: to develop and evaluate the performance of probes and advanced laser
measurement techniques in combustion environments and to use the proven techniques in experiments to
evaluate and develop combustor models. To date, much of the work on the CME program has involved the
development and study of a special research combustor at APL that is used to evaluate the performance
of the measurement techniques and comibustor models. Also, laser Doppler anemometry (LDA) and coherent
anti-Stokes Raman spectroscopy (CARS) systems have been developed on Air Force contracts for utiliza-
tion in the APL Combustion Research Facility.

This paper presents an overview of the results from the CME program. Results from high speed cine
pictures, conventional probes and LDA studies of the turbulent processes in the APL research combustor
are presented. CARS is just beginning to be used as a combustion research tool in the facility and
some of the initial results are also presented. The data from these studies are used to evaluate both
steady-state (time averaged) and unsteady (time-dependent) computer models. A good qualitative under-
standing of the rather complicated processes occurring in the research combustor has developed from
several years of studying the combustor. This understanding has been enhanced by studying the results
of computer model calculations. The experimental and theoretical results are presented in a way to I
Illustrate the understanding gained from both a time-averaged and a dynamic view of the turbulent
processes. Results which have been presented in other technical articles are referenced so that due
credit is given to other participants in the CME program. Since results are stressed in this paper,
detailed descriptions of the LDA and CARS systems and of the computer models are not presented. The
interested reader can consult the referenced articles for these details.

3.0 APL COMBUSTION RESEARCH FACILITY

The APL combustor, shown in Figure 1, consists of a shrouded disk with fuel injected from a tube
located in the center of the disk. This configuration was proposed by Dr S.N.B. Murthy and
Dr J.A. Skifstad of Purdue University after reviewing Air Force combustion research needs, including
those reported by Goulard, et al in Reference 5. The combustor has simple axisymmetric geometry for
ease of modeling and the air velocity profile established at the combustor inlet plane is nearly flat.
The configuration provides easy measurement access to the combustor inlet plane and the reaction zone.
Also, the configuration permits complexities to be added to the combustion process such as changing
from gaseous to liquid fuels, nonswirllng to swirling air flows and unmixed to premixed fuel and air.
However, the centerbody, with current dimensions, is not an ideal research combustor because the small
diameter of the fuel jet and the large separation between the fuel jet and the annular jet cause
problems in choosing a computational grid and in making measurements at the fuel exit plane. A large
fuel jet has been investigated but the resulting flames were not symmetric. Even with these
difficulties, we believe that the combustor offers an adequate simulation of practical, recirculating

Iw- flow fields for evaluating combustor models and represents a good compromise between a simple, well
controlled laboratory burner and a practical combustion device.

The centerbody is mounted in a specially designed duct as shown in Figure 2.* The duct, referred
to as the combustion tunnel, has two viewing sections, one 106 cm long and the other 76 cm long. A
total of nine access ports provide both optical and conventional probe access to important combustion
regions. Each port is 30.5 cm long by 7.6 cm wide and can be filled with either an optical window or a

• TheCaimstion tunnel was designed by Dr T.J. RosJford of the United Technologies Research Labora-
tories and by Prof L.I. Boehman of the University of Dayton.
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metal plate as required by the experiment. The access ports are arranged for probing various axial
test regions from three ports located 90.degrees apart. Additional details about the combustion
research facility are given in Reference 6.

Air supplied to the combustion tunnel can be preheated by passing it through an unvitiated air
heater. This system is capable of supplying 3.4 kg/s of air at temperatures up to 900 K. The
combustion tunnel was designed to operate at pressures up to 6.5 atms. To date, all experiments have
been conducted at atmospheric pressure and room inlet temperatures.

4.0 INSTRUMENTATION DESCRIPTION

A 2-component LDA system was designed based on the experience obtained with a one-component system
[7]. Polarization is used to separate the two velocity components and a Bragg cell is used to remove
directional ambiguity. The scattered light is collected with off-axis optics and transmitted by optic
fibers to two photomultipliers in the facility control room. The photomultiplier signals are amplified
and processed by two modified TSI 1990A processor counters. A Norland Instruments Model 5400 multi-
channel analyzer, connected to the processor counters, gives a preliminary on-line data viewing
capability. The primary data are collected by interfacing the processor counters to the facility
computer in a way that permits data collection rates up to 130K data points/s. A 10 MHz oscillator is
used to clock events on each channel so that simultaneous two velocity component data can be obtained.
Two fluidized-bed seeders are used to simultaneously seed both the fuel and air flows. Detailed
descriptions of the LDA system are presented in References 8 and 9.

The CARS system is based upon a folded BOXCARS optical configuration which permits high spatial
resolution [10,11]. The system design was based on the results of extensive laboratory tests [12,13]
and the experiences gained by testing a hardened colinear CARS system in the APL Combustion Research
Facility [14]. The system is3capable of making simultaneous temperature, N2 and O concentration
measurements at a point (<Imm ) in a 10 ns time period. The CARS system is interfaced to the facil-
ity computer so that it can continuously collect and store the data from 14,000 laser shots at a rate
of 10 Hz before filling a magnetic tape. Detailed descriptions of the optical configuration and the
data-collection electronics are described in Reference 15.

Conventional probes are also used to make measurements in the combustor. The probe is mounted
vertically through a special slide arrangement located on the top of the duct as illustrated in Figure
2. The slide permits access to axial regions covered by the window without removing the probe. In
some experiments. CO was injected from the central jet. CO concentrations were measured with a 3.175
mm diameter probe an; a gas sampling system. In combusting 9xperiments, temperatures were measured
with a Type-R shielded thermocouple probe. The radiation losses are assumed to be negligible and the
indicated temperatures are presented. The probe housing is water cooled and has an outside diameter of
6.35 mm. Much of the understanding of the dynamic characteristics of the flame in the APL comustor
has resulted from studying high speed cine pictures. A Photec IV high speed camera was used to make
the pictures. The camera has an f stop of 2.8 with an 18 mm focal length lens. The framing rate could
be varied from 500 to 8000 frames/s. Pictures were also made with a wide angle fish-eye lens with an f
stop of 5.6.

5.0 THEORETICAL CONSIDERATIONS

Results of theoretical predictions from time-averaged and time-dependent fluid dynamic computer
codes are presented in this paper. The time-averaged code was developed at Imperial College as ateaching aid and is called TEACH (Teaching Elliptic Axisymmetric Characteristics Heuristically) [16].

This code provides the framework for the codes that are presently used as design aids in gas turbine
development programs (2,3]. The code uses a hybrid upwind/central finite differencing scheme to solve
the elliptic form of the time-averaged Navier-Stokes equations as formulated from an Eulerian reference
frame. Closure is obtained by using the k-E turbulence model. A computational grid of 41 axial nodes
and 34 radial nodes was used in the calculations. The axial grid extended 2.140 downstream which is
well past the recirculation zone. The details of the calculations are given in Reference 17.

The TEACH Code predictions are given for nonreactive, imcompressible flow where C02 is injected
from the central fuel jet with air injection from the annulus jet. The governing equations, as
presented in Reference 17, are given in Table I where o is a general dependent variable, So is the
source term for o, YF is the mass fraction for the central Jet, Pk is the rate of generation of
turbulent energy. ro is the effective exchange coefficient for the transport of the variable 4 and is
given by Ueff/co where Peff is the effective viscosity and o is the appropriate effective
Prandtl/Schmidt number for 0. The effective viscosity Is given by the sum of the laminar, U, and
turbulent eddy viscosity, Vt where ut - Cupk

2
/Eo. Cu is a constant equal to 0.09, p is the fluid

denty, k is the turbulent kinetic energy and c is the turbulence energy dissipation which is equal to
k3/2/ l where Ll is the turbulent length scale. For the annulus jet the length scale 11 Is given
by X (D' - 0)12 where A is a constant equal to 0.3333. For the central jet El = Xd/2).

A summary of the boundary conditions used in the TEACH Code calculations is given in Table 2.
The inlet velocities, Win and turbulent kinetic energy, k, were specified in two different ways. In

-Case 1, flat velocity profiles were assumed for both the annulus jet and the central fuel jet. For
this case, Win IA the average velocity calculated from the measured mass flow rate and k was set equal
to (TURBIM)(Win) where TURBIN has a constant vlue of 0.03. The Case 1 inlet profiles are given in
Figures 3 and 4 along with the normalized experimental data. In Case 2, the best fit of the
experimental velocity and rms data were used for the annulus jet. These profiles are given by the
solid line curves in Figures 3 and 4. Flat profiles were used for the Case 2 fuel jet. The mass flow
rate, obtained by integrating the measured velocity profiles for both the annulalt and central jets,
agreed with the metered mass flow rates within 5% in both cases [9].
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The time-dependent code was developed at the Air Force Wright Aeronautical Laboratories/Flight
Dynamics Laboratory [18,19,20]. The time-dependent _ompressible Navier-Stokes equations are solveo
using MacCormack's explicit finite difference scheme [21]. Closure is automatically satisfied by the
time-dependent Navier-Stokes equations provided that the computational grid has sufficient resolution.
However, this is accomplished at the expense of large computing times with approximately 12J hours
being used on the CDC CYBER 750/175 computer to calculate 25,700 time steps that correspond to about 68
ms of real flow time. The turbulenL frequencies resolved by the 60 axial and 46 radial grid points is
about 3000 HZ which corresponds to large eddy simulation of the turbulence. The code is presently
restricted to one species and was used to calculate the flow field for the centerbody with no flow from
the central jet. Additional information about the time-dependent code, the computational grid and the
boundary conditions used in the centerbody calculations are given in Reference 22.

6.0 TEST CONDITIONS

Experiments were conducted at various air and fuel flow rates. Isothermal experiments were
conducted using CO injection from the central jet. Combustion experiments used propane fuel. The
experiments were conducted at a pressure of 0.98 bars. The air and fuel flow conditions are summarized
in Tables 3 and 4.

7.0 TIME-AVERAGED RESULTS AND DISCUSSIONS

7.1 Annular Jet

Bluff bodies have been actively studied for the past 30 years. Much of the research is
motivated by the need to understand their flame holding characteristics [23]. Although much has been
learned, many of the details concerning the recirculation zone and, specifically, the role of the
recirculation zone on flame stabilization are not understood. A major impediment has been the lack of

suitable instrumentation for measuring velocities and turbulence intensities in combustion recircu-
lation zones. For example, a probe technique has not been developed for measuring velocities in
reacting, recirculating flows. Hotwire probes can provide useful information in nonreacting flows but
they suffer from the inability to distinguish axial flow direction. Multipoint Pitot-static probes
have been used with some success, but there is always the question about whether the probe has
disturbed the flow and thus influenced the measurement [24]. LDA overcomes many of the problems
associated with probes in that it can be used to make a point measurement of different velocity
components and their associated turbulence intensities at high data rates in both nonreacting and
reacting flows. Its development and application is a major step towards expanding the understanding
of recirculating flows as illustrated in recent studies [25,26].

In this section, LDA will be used to examine the time-mean characteristics of the annular jet in
the near-wake region of the bluff body without central fuel injection. Caution must be used in
applying LDA because seeding can lead to significant bias errors that are difficult to assess [27].
The LDA data presented in this section were used to calculate the mass flux across the duct at
different axial stations in the recirculation zone. The measured and integrated mass flux for air I
agreed within ±5% at all stations [9].

Figure 5a shows contour maps of the stream functions constructed from the LDA data and Figures 5b
and 5c show TEACH Code calculations using measured (Case 2, see Section 6.0) and flat (Case 1) inlet

profiles, respectively. There is very good agreement between the experimental and theoretical data for
the region outside of the recirculation zone. In the recirculation zone, the experimental and
theoretical contours show the same general trends and there appears to be reasonable quantitative
agreement except for the location of the vortex center and the length of the recirculation zone. There
is good agreement for the radial location of the vortex center; however, there is a large discrepancy
in the axial location. The measured inlet conditions do Improve the accuracy of the TEACH Code
calculations of the vortex center but not for the length of the recirculation zone.

Figure 6 shows more comparisons of theoretical and experimental data. The predictions use the
measured inlet profiles. In general, there is reasonable agreement between the measured and predicteo
values. Much of the disagreement that is present results from incorrect predictions of the vortex
center and the end of the recirculation zone. The turbulence intensities along the centerline (Figure
6e) show the largest discrepancies. Near the end of the recirculation zone, the data shows a peaking
in turbulence intensity, whereas, the TEACH Code shows a continuously decreasing trend. Large
discrepancies in turbulence intensities have also been noted by other researchers and may be a result
of the isotropic characteristics of the k-c model [28].

The zero axial velocity surface (Figure 6a) is important in understanding the characteristics of
the recirculation zone because it separates the forward and reverse flow regions. Also, the vortex
center is located on this surface at the point where the radial velocity determined along the surface
is zero as shown in Figure 6b. The vortex center occurs near the axial location where the axial
velocity centerline profile has a maximum negative value (Figure 6c) and where the reverse mass flow
rate peaks (Figure 6d). Although the experimentally determined vortex center is downstream from the
theoretical value, the experimental data in Figures 6c and 6d also show this trend. Presenting the
TEACH Code results in the way shown in Figure 6 makes it intuitively obvious that the vortex center
should occur at the axial station where the reverse mass flow rate peaks and that this should be close
to the axial location where a maximum negative velocity occurs on the centerline profile (17). These
simple results illustrated to us the potential of using the computer codes to gain new insights into
complex turbulent flows.

Computer models offer a new tool to explore the characteristics of recirculating flows. It would
take months, if not years, to accumulate the experimental data such as velocity, turbulence, kinetic

!"
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energy, species concentration, temperature, pressure, etc., in the detail that can be provideo in a few
minutes of computer time. The importance of these data can be significant because the trends, if not
the accuracy, provided by the models are normally very good. This offers the opportunity to design
,omputer experiments in which trends can be selectively explored as different parameters of the
recirculating flow field are changed. The insights gained from such computer experiments can be of
great aid ir designing the actual experiments. An illustration of the insights provided by computer
experiments is presented in the following paragraphs.

The computer experiments are patterned after recent experiments by Kundu and co-workers that
demonstrated the importance of the recirculation strength on the flame stabilization characteristics of
bluff bodies [29]. The recirculation strength is the maximum value of the normalized reverse mass flow
rate (M /m ). They reasoned that the process of heat exchange in a premixed, bluff-body
stabili~ed'Flame is controlled by the fluid mechanics of the recirculation zone. Indeeo, the
recirculation strength, as determined from isothermal experiments, correlated well with the blow-off
velocity and calculations of the heat exchanged between the mainstream and the recirculation zone.
They also conducted experiments in isothermal flows in which the axial profiles of reverse mass flow
rate were measured for different geometrics and widths of two-dimensional bluff bodies. We conducted a
similar investigation using computer experiments to study the effects of various diameter centerbodies
in the APL combustion tunnel on the recirculation zone. The same Case I (see Section 6.0) flat
velocity and turbulent kinetic energy inlet profiles used in Reference 17 were also used in these
computer experiments.

The first computer experiment was conducted to determine if the TEACH Code correctly predicts that
the axial profile of reverse-mass flow rate is independent of air flow rate for a given bluff body
geometry. The results in Figure 7 show that the TEACH Code does predict this. The next computer
experiment was designed to determine the influence of centerbody diameter on reverse mass flow rate.
It should be realized that in conducting computer experiments where the centerbody diameter is varied,
that the turbulence length scale also varies because of the way the inlet conditions have been
specified. The results given in Figure 8 show that the recirculation strength increases with increasing
centerbody diameter. This trend, for two-dimensional bluff bodies, was measured by Kundu and
co-workers [29]; however, there are also some differences. Their measurements show that the length of
recirculation zone, normalized by the width of the bluff body, decreases with increasing bluff body
width. This trend is just the opposite of that given in Figure 8. Also, they showed that the axial
location of the peak reverse mass flow rate, which we know from the model results is the location of
the vortex center, did not change with bluff body size for a given bluff body configuration; whereas,
there is some dependence shown in Figure 8. The measured normalized lengths of the two-dimensional
recirculation zones are about a factor of 3 longer than that for the centerbody.

Computer experiments were used to examine the relationship between the recirculation strength and
the blockage ratio. Figure 9 shows the results of the TEACH Code calculations for the centerbody with
and without curvature correction, the experimental results from Reference 29 for a two-dimensional
plate, the results of Davis and Beer [30] for a disk without a duct and the APL centerbody experimental
result. A description of the modified TEACH Code with streamline curvature is given in Reference 31.
Kundu and co-workers' data show that the recirculation strength varies linearly with blockage ratio.
The TEACH Code, without curvature effects, also predicts a near linear relationship for the blockage
ratios used in Kundu's experiments, but over a wider range of blockage ratios a nonlinear relationship
is predicted. The calculations with streamline curvature modifications of the k-E turbulence model
predicts j discontinuity at a blockage ratio of about 39%. The large differences between the Davis and
Beer results and the APL results are suspected to be due to the fact that their flow was unconfined
while ours was confined. It is now an experimental problem of determining if either the TEACH Code
predictions with or without streamline curvature are correct for the higher blockage ratios. In any
event, the calculations have provided a focus for an experimental study and has even indicated how the
data can be efficiently collected. In concluding this section, we believe that the results demonstrate
that computer experiments can provide fresh insights into turbulent recirculating flows in ways that
can be efficiently examined in future experimental studies. This type of interaction between theory
and experiment, which some might say is the essence of science, has been missing for too long in the
area of recirculating flows.

7.2 Interaction of the Annular and Central Jets

The interaction of the annular and central jets of the centerbody were first investigated by
visual observations of the flame as the fuel and air flow rates were varied [6]. The flame is believed
to provide a visualization of the fuel and air mixing processes and thus, changes in the flame struc-

1 ture with changes in air and fuel flow rates are a representation of how the two jets interact. The
structure of the flame changes dramatically as the air and fuel flow rates are varied. The flame
structure is determined by whether the annular or central jet dominates the flow field. This is shown
in Figure 10 where the flame is observed to change with increasing fuel flow rate from a cylindrical
shape, when the annular jet dominates (Figure 10a) to a conical shape, when the central jet dominates
(Figure 10c). Figure lOb shows the condition where neither jet dominates the flow. The flow fields
inferred from observing the flame shape and TEACH Code calculations performed by Sturgess and Syed [28]

ft for the different flow conditions are also given in Figure 10. We believe that for a research
- combustor designed to evaluate combustor models, such dramatic changes are an asset because of the

challenge it offers to the models. In the following paragraphs, predictions and experimental results
will be presented for various air and fuel flow rate conditions.

An examination of the inferred flow patterns and the calculated streamlines in Figure 10a
shows that two stagnation points occur along the centerline when the annular jet dominates the flow
field. The forward stagnation point is where the fuel jet is turned by the opposing flow of the
recirculatlon zone and the rear stagnation point defines the axial extent of the recirculation zone.
Figure 11 shows comparisons between measured and predicted locations of these stagnation points for an
air flow rate of 2 kg/s and various CO flow rates. The stagnation points were measured with a
one-component LOA system (7,32]. The recfsion of the LDA measurements of stagnation point Z/D
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locations and the repeatability of the combustor is estimated to be about 101. Theory predicts a small
change in the location of the rear stagnation point with an increase in CO2 flow rate. Considering
the uncertainties in the measurements, it would be difficult to experimentally detect such a small
change. Both theory and measurements show a near linear dependence of the location of the forward
stagnation point with CO2 jet exit velocity but there is a difference in the slope of the two curves.

Figure 1? shows centerline plots of measured and theoretical axial velocities, CO2 concen-
trations in mole fraction and axial velocity fluctuations for an air flow rate of 2 kq's and various
CO flow rates. The velocities were measured with the two-component LDA system [91. Case ? inlet
cohditions (See Section 5.0) were used in the TEACH Code calculations. It is observed in Figure 1?a
that the location of the forward stagnation points are underpredicted and the location of the rear
stagnation point is slightly over predicted as was the case in Figure 11. The forward stagnation point
is important in predicting the characteristics of the flow field. The measured and predicted velocity
profiles in Figure 12a, for a CO flow rate of 6 kg/hr, show that the velocities just downstream of
the forward stagnation point havi the same profiles as the case when the Cn flow rate is zero
(Figure 6c). That is, the flow field downstream of the forward stagnation is not affected by the
central jet. This is also shown by the turbulence intensities in Figure 12h and the CO2
concentrations in Figure 12c . At the forward stagnation points and beyond, the C0, concentrations
have a near constant value and the turbulence intensities have the same values as f6r the annular Jet
flow in Figure 6e. In general, it appears that the TEACH Code correctly predicts the important
qualitative trends associated with the forward stagnation point; however, the accuracy of the absolute
values of the velocity, CO? concentrations and turbulence intensity centerline profiles could be
significantly improved.

Figure 13 shows the measured and predicted centerline profiles of velocity, turbulence intensity
and temperature for a combusting flow. The theoretical and experimental data have been normalized to
the maximum experimental values. The velocity data were measured with a one-component LDA system
[7,321 and the TEACH Code predictions were obtained from Reference 33. A point-by-point comparison of
predictions with measurements shows that the TEACH Code does a very poo- job of accurately predicting
the centerline profiles of velocity, turbulence intensity, and temperature. The predictions are poor
because the TEACH Code did not correctly predict that the central jet had penetrated the recirculation
zone. The TEACH Code does however correctly predict other important trends. The experimental data in
Figure 13a show a strong correlation between the normalized turbulence intensity and temperature with
the peak value occurring at a location just upstream of where the velocity is a minimum. The TEACH
Code also predicts the same strong correlation between temperature and turbulence intensity (Figure
13b) with the peak magnitude occurring at the axial location just upstream of the forward stagnation
point. Although the data are too limited to draw conclusions, they do suggest that the accuracy of the
TEACH Code predictions for combusting flows are not as good as they are for isothermal flows.

The inability of the TEACH Code to accurately predict a complex recirculating flow field, espe-
cially with combustion, while correctly predicting trends of the data, is expected based on the results
of others F4]. There are several potential sources of error that could contribute to the inaccuracies
in the TEACH Code precitions. The turbulence model is as one of these sources. To explore the nature
of the processes responsible for the fuel and air mixing in the centerbody combustors, one must
consider the dynamic characteristics of the flow. This means that a giant mental step must be taken in
which the time-averaged view is replaced by a dynamic view. Such a mental transition is not easy.
Since the time averaged descriptions are such an important part of most investigations of recirculatino
flows, it is easy to forget that the flow field viewed in time probably doesn't look anything like that
represented by the time-averaged view. Indeed, the time-averaged view can be a mask that gives I
misleading or incorrect perceptions about the fundamental processes occurring in the flow. An attempt
is made in the next section to shed this mask so that some of the fundamental dynamic characteristics
of the flow that are responsible for the presented time-averaged results can be identified.

8.0 TIME-RESOLVED (DYNAMIC) RESULTS AND nISCUSSION

There are few measurement techniques that can be used to study the dynamic characteristics of
recirculating flow fields. Normally, the processes to be studied involve dynamic structures of the
size of the bluff body. The interpretation of single or even multipoint continuous time-resolved
measurements in terms of the large scale structures is very difficult. This difficulty arises in part
because of the problems of interpreting point measurements in terms of the large structures that are

-convected past a stationary measurement station. That is, the measurements are made from an Eulerian
reference frame but the structures should be interpreted from a Lagranian frame. High speed cine

*pictures give a Lagrangian view of the dynamic structures but have the disadvantage that quantitative
information is not normally recorded. However, cine pictures can greatly aid in the interpretation of
point measurements. Measurement techniques that involve simultaneous high-speed cine pictures and
time-resolved point measurements will be important in future studies of turbulent combusting flows. In
this section, high speed cine pictures are used to gain a qualitative understanding of the flow field
established by the centerbody. This understanding is used to interpret line-of-sight, continuous time
measurements of flam luminosity and CARS time-resolved point measurements of temperature F13,34,351.

Vortex shedding plays an important and possibly dominant role in the mixing process of the center-
body flow field. However, it is not always easy to detect vortex shedding in combusting flows. The
large diameter of the centerbody has proven advantageous because the shed vortices were large enough to
observe with high-speed cine pictures. Unless one had the experience of knowing exactly what to look
for, it is very likely that vortex shedding from a smaller bluff body would be completely overlooked.
Even with the advantages of the large centerbody, the vortex shedding was not immedlately recognized
because the cine pictures of the flame can appear very different when taken from various referenre
frames, directions and at various framing speeds. Actually, the laboratory reference frame is not the
most advantageous way of photographing a shed vortex because the circular motions of the vortex are
masked by its large axial convection velocity. Recording the vortex from a reference frame that is
moving with the convection velocity of the vortex would be more advantageous because the circular
motion would be clearly shown. However, this is difficult to experimentally achieve in the APL
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Combustion Research Facility. The cine pictures that are presented were taken from the laboratory
reference frame but at various angles that tend to highlight different aspects of the vortex shedding
process.

Figure 14 shows an end view of the centerbody and the side viewing windows. The centerbody
diameter is larger than the height of the viewing window so that the top and bottom edges of the bluff
body are not directly viewed when looking straight across the tunnel. The importance of seeing either
the top or bottom edge of the bluff body can be understood by considering the structure of the shed
vortex and the flame. As will be presently shown, the vortex is shed symmetrically from the
centerbody. Considering the axisymmetric geometry of the combustor, the vortex should have a toroidal
shape. The flame appears to be distributed around the toroidal vortex in discrete flame packets as
illustrated in Figure 14. To an observer looking through the viewing windows straight across the
central region of the combustion zone, the flame packets are semitransparent because of the space
between them. The observer will probably overlook these flame packets and see only the flame occurring
near the centerline of the combustor; whereas, an observer looking at the bottom edge of the bluff body
would see the flame packets in the vortex. The observation of these flame packets makes the shed
vortex visible.

Figure 15 shows one frame from a high-speed cine picture taken with the camera tilted as shown in
Figure 14. The shed vortices identified by the black outline, are not as evident in the photograph as
they are when viewing the film with a stop-action projector. The flow is from left to right. The
flame between the two vortices is being rapidly stretched. This results in the flame burning out
quickly in this region leaving a dark band separating the two vortices. These vortices can only be
seen by observing the flame contained in them.

It is not readily evident from studying Figure 15, that the vortices are shed symmetrically. The
symmetry of the shed vortices was examined using two photodetectors as arranged in Figure 14. The
photodetectors were located 0.428D downstream and were tilted so that their fields-of-view were along
the top and bottom edges of the centerbody. This viewing location was determined from studying
high-speed cine pictures of the flame. As a shed vortex containing flame packets passes through the
field-of-view of a photodetector, a voltage pulse is recorded by an oscilloscope. To easily compare
the simultaneous time traces from the photodetectors, the voltage output from the bottom detector has
been inverted and positioned on the oscilloscope so that the zero light intensity baseline is
superimposed on that of the top detector. The symmetry of the shed vortices is apparent from the
oscilloscope traces in Figure 16.

Figure 17 shows high speed cine pictures of the flame made with a camera with a wide angle (fish
eye) lens. For reference, Figure 17a shows a metal rod placed in the fuel tube and a ruler placed
along the bluff body face. The rod extends one centerbody diameter downstream. The flame packets,
symmetrically distributed in a toroidal vortex, are clearly shown about one diameter downstream in
Figure 17c. Also shown in this figure is the stretching action and burn out of the flame separating
the shed vortex and another vortex that is forming near the face of the combustor. Normally, the flame
packets contained in a shed vortex burn out before the vortex travels more than cne centerbody diameter
downstream. The shed vortex however is still present and only the means of visualizing it has
vanished. Occasionally a flame packet in a shed vortex does not burn out quickly and can be used to
track the vortex. For example, the flame packet at the top of the shed vortex in Figure 17c can be
tracked downstream until it is just noticeable in Figure 17g. The end ,)r the recirculation zone is
about one and a half diameters downstream and the axial velocity of the shed vortex is small in this
region. This is indicated by the lack of downstream movement of the flame packet in the shed vortex in
Figures 17f and 17g. A second shed vortex is evident at the bottom of Figure 17f at about one diameter
downstream. In Figure 17g, the second vortex has almost coalesced with the first vortex near the end
of the rezirculation zone. The formation of a large flame structure located at the centerline near the

end of the recirculation zone, appears to occur at about the same time and at the same axial location
that the two vortices coalesce. In subsequent frames, this large flame structure is observed to move
downstream past the viewing window. The consequence of the formation of this flame structure,
apparently by the shed vortices, is discussed in the next few paragraphs.

Fiture 18 shows high speed cine pictures of the flame extending into two windows of the combustion

tunnel [15]. The reader is reminded that the height of the viewing windows is less than the diameter
of the centerbody so the top and bottom edges of the bluff body are not observed. The cine pictures
were made at a rate of 500 frames/s but only every other frame is shown. The recirculation zone is
confined to the region viewed through window WI. The bright band of flame at the Z/D=1 station in
Figure 1Sa is a shed vortex. The fuel in the vortex shown in Figures 18c and lad burns out just as it
enters the second viewing window. However, a large flame structure, whose origin cannot be easily
traced in the photographs, does appear in the second window at a slightly iter time in Figure 18c.1• The structure is a discrete island of flame surrounded by nonluminous and supposedly nonreacting gases
as clearly shown in Figure 18f. This large flame structure, referred to as a flame turbule, is

believed to be formed by a shed vortex in much the same way as the large flame structure was noted to
form near the end of the recirculation zone In Figure 17.

Time-averaged CARS and thermocouple measurements made downstream of the recirculation zone along
the combustor centerline are shown in Figure 19. These measurements illustrate that the temperatures
obtained by the two methods agree well within an anticipated 10% precision of the CARS measurements In
the indicated temperature range [151. The temperature profile appears to be similar to those measured
in many nonreclrculating combfusting flows. One would never suspect that the underlying dynamic process
responsible for these time average measurements is the convection of the large flame turbules and the
nonluminous regions (noted in Figure 18f) passed the measurement location. Indeed, such measurements
do not provide any insight into the basic dynamic processes responsible for time-averaged results.

Figure 20 shows the temperature probability distribution functions (pdf's) constructed from the
CARS measurements at three centerline axial locations ris. The temperature interval or bin width
corresponds to the uncertainty in the CARS measurements. The pdf's can be thought of as the fraction
of time that the combusting flow exists in a given temperature state. The bimodal shape of the pdf's



suggests that at least two types of structures are occurring in the flow, one with temperatures less
than 1000 K and the other above this temperature. From the cine pictures shown in Figure 18, one would
suspect that the hot mode corresponds to the flame turbules and the cold mode corresponds to the
nonluminous regions. These structures can be tracked over long distances in the flow and are clearly
Lagrangian in nature. The Eulerian type measurements made with the CARS system should be interpreted
in terms of the Lagrangian structures that are actually occurring in the flow. In developing a
Langrangian interpretation it should be realized that properties of a fluid element, at one instance in
time at a point, depend on the prior history or time evolution of the fluid element before it reaches
the measurement station. The history of various fluid elements can be very different, thus, leading to
a wide range of measured properties.

The centerline profile in Figure 19 shows that the average temperature decreases with increasing
axial location. Inspection of the pdf in Figure 20 shows that the cold mode peaks at 300 K; whereas,
the hot mode peak shifts to lower values at the downstream locations. Also, the fraction of time that
the hot mode exists decreases with increasing axial location. Thus, the high temperature gas decays at
an increasing rate due to mixing as the combusting gases move downstream. This implies that the cold
inlet air is entrained and mixed with products within the flame turbules as they move downstream thus
lowering the average temperature in the flame turbule. Heat production is declining due to reaction
completion and quenching, thus, allowing inlet air entrainment to have a greater affect in reducing the
average temperature. The 300 K temperature represents the fraction of time that the inlet air exists.
The fluid elements at this temperature have not participated to a great degree in the combustion
process; whereas, the other temperatures composing the cold mode do have combustion experiences ob-
tained prior to reaching the measurement location. Examination of the 300 K temperature bin suggests
that considerable entrainment of the inlet air is occurring as the flow moves downstream. Much of this
entrained air is probably located between the flame turbules. However, some entrained air has obvious-
ly mixed with the hot gases from completed or quenched chemical reactions to give the other
temperatures in the cold mode. It should also be noted that the average temperature occurs in the
trough between the hot and cold modes. The flow field is actually at the average temperature less than
5% of the time.

Figure 21 depicts a Lagrangian view of the dynamic processes that are believed to be occurring in
the centerbody combustor. This illustration can be considered in two different ways. It can be viewed
as an instantaneous snapshot of the flow field or as the time evolution of the flow field where
increasing time is represented by the distance traveled. In both cases the observer is moving with the
vortices. It is convenient in discussing Figure 21 to track the fuel as it exits the central fuel jet.
As the fuel exits, it decelerates by entraining hot gases and then breaks up into small packets as it
moves downstream and becomes turbulent flow. The triangles represent the fuel break-up process and the
shaded regions represent the burning fuel packets. These flame packets spend considerable time near
the end of the recirculation zone since their average velocity is near zero in this region. Some of
the flame packets are transported upstream. As they approach the combustor face, some of the flame
packets are entrained into the central jet thus providing a source of heat and ignition for the
incoming fuel in the central jet; however, most of the flame packets are turned radially outward along
the combustor face until they encounter the high velocity air of the annular jet. The resulting
discontinuity in the velocity field gives rise to a shed vortex. The vortex has a toroidal shape but,
when viewed in the r,Z plane, it looks much like those observed in the two-dimensional shear layer
experiments of Brown and Roshko F361. The visibility of the shed vortex is soon lost as it moves
downstream because the flame packets burn out. However, the shed vortex is still present. As the
vortex continues to move downstream, it entrains the burning fuel mass that has collected near the end
of the recirculation zone. The entrainment of the burning fuel is much more effective when two I
vortices coalesce near the end of the recirculation zone. The shed vortices carry the entrained fuel
downstream and become the flame turbules.

Figure 22 shows the results of calculations of the dynamic flow field of the centerbody combustor
for an air flow rate of 2 kg/s. Although the calculations are for a nonreacting flow without a central
jet, one might expect that they would be qualitatively similar to a combusting flow condition where the
annular jet dominates the flow field. Indeed, the similarities between the illustrated flow field in
Figure 21, which was postulated before the calculations were performed, and those in Figure 22 are
evident. It is easy to envision, based upon the calculations, that the vortices moving past the end of
the recirculation zone entrain the fuel near the combustor centerline and become the flame turbules as
the vortices move on downstream. Also, the coalescence of two shed vortices are shown in the 20700 and
21200 time iteration flow fields. Such calculation provide insights into the dynamic processes and
stimulates new ideas to test the predictions.

Figure 23 shows the side view of a reacting shear layer experiment performed by Breidenthal [37].
The experiment was conducted in a two dimensional water tunnel with reactants A and B separated by a
splitter plate. The reaction of A and B was mixing limited with negligible heat release. The product
was colored and could be easily visualized by high speed cine pictures. The result of this experiment,
as shown in Figure 22, was that the mixing, and thus the product formation, occurs inside the large
scale structures generated by the shear layer. The product formed by the mixing of A and B downstream
of the splitter plate was Jetected by optical absorption in an analogous way that flame luminosity was
used to detect the shed vortices in the centerbody combustor. Figure 24a shows a time trace of the
product as recorded at one location in the shear layer (371. The peaks in the product concentration
correspond to the large scale structures being convected passed the measurement station. Figure 24b
shows a time record of a flame luminosity as recorded by a photodetector looking directly through the
recirculation zone of the centerbody combustor [34]. Figure 24c is a time record of the temperature at
the exit plane of a gas turbine combustor measured by Dils [381. The temperature fluctations are
several hundred degrees K and are far above the thermocouple noise level. The time records in Figures
24a and 24b are known to be the result of large scale structures. Their similarity to the temperature
fluctuations in a gas turbine combustor is evident.

The similarities of the time records in Figure 24 raise the practical question of whether it is
important to know if large scale structures play an significant role in the dynamic mixing processes in

_________________________

___________________________ __________________________________'_



36-8

gas turbine combustors. It is conceivable that fluid structures of a size comparable to thp combustor
width could be formed in a gas turbine combustor as a result of the free shear layer character of the
primary, intermediate or dilution jets. On the other hand, swirl, intense mixing of the jets or
combustion might wash out any large structures. It seems very likely that large scale structures would
be shed from V-gutters and could be important to the stability characteristics of afterburners. It is
known that large scale structures play an important role in two-dimensional, premixed dump combustors
with high heat release rates [39,40]. Unfortunately, the dynamic mixing processes inside gas turbine
combustors or afterburners cannot be determined from the available data.

We believe that it is important to know if large scale structures significantly contribute to the
mixing processes in gas turbine combustors and afterburners. There are two reasons that are readily
apparent. First, if large scale structures are present, a strong correlation between heat release
rates and velocity fluctuations could exist. This could contribute significantly to the heat transfer
to the turbine. Dils and Follansbee, using a LOA and a fast response thermocouple probe, determined
that there is only a small correlation between the fluctuating velocities and temperatures r411. We
believe the measurements are of such importance that they should be repeated for a variety of different
engines and run conditions. The second reason is of more direct importance to the combustor modeling
community. Recent studies in shear layers and turbulent jets have shown that gradient transport and
eddy diffusivity do not adequately describe flows where large scale structures have a dominate role in
the mixing process F12,43,44,451. Indeed, this could be a contributing factor to the inaccuracies of
the TEACH Code predictions for the centerbody combustor. Combustor design models must use the correct
physics if predictive accuracy is to be improved for a wide range of combustor designs. It seems that
the physics is closely tied to the question of whether large scale structures significantly contribute
to the mixing in gas turbine combustors, afterburners and other practical systems where the models are
to be applied.

9.0 CONCLUDING REMARKS

The following comments, conclusions and recommendations are offered from several years of active
combustion research and advanced combustion diagnostic development.

Combustor: The centerbody combustor is a useful test device for evaluating the performance of
laser Tiagnostic techniques, time-averaged combustor models and ,insteady fluid dynamic computer codes.
This assessment is based on the challenge offered to computer codes in predicting the various flow
fields that are easily established in the near-wake region of the centerbody combustor, the good
measurement access to this region and the simple centerbody geometry. The large diameter of the
centerbody has proven advantageous in studying, with high speed cine pictures, the effects of shed
vortices on the flow field. The wide spacing between the annular jet and the central jet causes some
problems in chosing a computational grid. In overall performance, we believe the centerbody represents
a good compromise between simple laboratory burners and practical combusting devices such as gas
turbine combustors or afterburners.

Diagnostics: The LDA system is a valuable tool for studying turbulent flow fields. Obtaining
uniform seeding, at the high rates and for the long time periods (hours) needed to map a flow field, is
considered to be a major problem. The CARS system has developed to the point where it can be actively
used in the APL combustion tunnel to study combusting flow fields. It is essential that the laser
techniques, used to collect data for combustor model evaluation and development, be interfaced to a
computer. For those interested in developing and using laser techniques to study turbulnnt flows, it
should be realized that the hardware and software development requires as much effort as the optical
system development.

Computer Codes: The TEACH Code successfully predicted the dominant characteristics and trends of
the recirculating flow field of the centerbody combustor when it was operated at various air and fuel
flow rates with and without combustion. The accuracy of the TEACH Code predictions of velocities and
CO concentrations in isothermal flows is typically about 15%. The errors in predicting turbulence
intensities are considerably larger. Also, the trends for the turbulence intensities are not always
correctly predicted. Based on a very limited experimental and computational data base, the errors in
the TEACH Code predictions of combusting flows are considerably larger than those for isothermal flows.

Many, if not most, computer model studies involve after-the-fact predictions of
reported experimental results. We believe that the models are developed to the point where they can
contribute to the understanding of flows that have only been partially studied. Since the TEACH Code
and other similar codes can successfully predict trends, we recommend that they be exploited in
computer experiments that will provide new insights into the complex flows which will both aid and
challenge experimentalists so that theory and experiments can develop hand-in-hand in a truly
scientific fashion.

The predictive accuracy of the unsteady code has not been evaluated for the
centerbody flow field. Qualitatively, the predictions have the same general features that are observed
experimentally. We believe that the unsteady code offers the promise of providing insights into the
dynamic nature of complex flows that are almost impossible to gain experimentally.

Practical Combustors: Our studies of the centerbody combustor have shown that large scale
structures are important in the fuel and air mixing process. It has not been fully established whether
the dynamic characteristics of the centerbody flow field are similar to those of practical conusting
devices. We believe it is important for future conusting and heat transfer model developments that a
determination be made about the significance of large structures in gas turhine combustors and

afterburners and to determine if there is a strong correlation between velocity and temperature
fluctuations. Such determinations could force a reevaluation of models with gradient transport and
eddy diffusivlty in future conbustor design codes.
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TABLE 2: BOUNDARY CONDITIONS
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TABLE 3: AIR FLOW CONDITIONS -- _..__. .

AVG AVG AVG A = LM
FLOW INLET ANNULUS DUCT AIR ,AM
RATE TEMP VELOCITY VELOCITY RE NY
(k/s) (K) (mis) (mis) (XI-0 )M

0.5 294 11.6 8.2 0.76 Figure 1. Illustration of centerbody combustor.

1.0 294 23.3 16.4 1.52

1.5 294 34.9 24.6 2.27

2.0 294 46.6 32.8 3.02

*Using duct velocity and centerbody diameter

HiONEYCOMB M
S( RFEN PHOTrOOETEC OR
CENERBDY |PROBE

FLOW INLE INLET TU1AS R UJE

FLOW INLET INLET

FUEL RATE TEMP VELOCITY RE FUEL PR
TYPE (kg/hr.) (KE (mPs) (X BES

CO2  6.0 294 50.8 3.0

CO2  16.0 294 135.0 8.0 WI

C3H8  6.0 400 69.6 4.2 W

OPTICAL
C3H8  8.0 391 91.0 5.7 AXIS

Figure 2. Illustration of the combustion tunnel.
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SFLAME PAI

SHED (a)

Figure 14. Downstream end view of the combustion
tunnel illustrating the camera and photodetector
views of toroidal vortex sheddino from the
centerbody face [35]. (b)

jo]

(a)

Figure 15. Snapshot of shed vortices for an
air flow rate of 1 kg/s and fuel flow rate of
6 kg/hr.

(f) '

(h)

Figure 17. High speed cine pictures (3000 frames/s)

of the flame for an air flow rate of 1 kg/s and a
fuel flow rate of 6 kg/hr [35].

Figure 16. Simultaneous time records of top and
bottom edges of centerbody at 6 cm downstream for
an air flow rate of 2 kg/s and fuel flow rate of
6 kg/hr [35].



w r W3
Z/D 0 2 3 4 5

925 61R FLOW * £ kgla

FUEL FLo. * 6 k
POSITI(N (Fl - ID 0.401A VG TEMP (T; 12170 559 K

9.2e

Fiur e8lihsed iepcue (0 rmss e l
39 69 9W 128 1598 1998 2'188 2498

1DERMS .IRE (K)

E1150
9 26

Figure 18. High speed cine pictures (500 framesls)
of the flame for an air flow rate of I kq/s and a
fuel flow rate of 6 kg/hr [15]. Every other frame t6015
is shown. r

0 .16

6.65
1250

366 698 9"6 1266 Iwo II= 2166 2490

A L S ZTIPERl6NE (K)

1100 0 - 5P 0 4613

100 - + .1

Fioure 19. Comparison of time-averaged CARS and Figure 20. CARS measured temperature pdf's along
-Zthermocouple measuremented temperatures along the duct centerline at various axial locations for

"I duct centerline for an air flow of 1 kg/s and an air flow of 1 kg/s and a fuel flow of 6 kg/hr
fuel flow of 6 kg/hr [15]. [15].



- __ -SPLITTER PLATE RECTN A RDC

SREACTANT B

Figure 21. Illustration of the dynamic combustion Fioure 23. Side view of reactino shear layer [37].
processes in the centerbody combustor 1:35].

-1W - -W A 0.8 LI LA &a 13 10 38 4A 4B IN .
22/D

MW_______I . t - A

La-b

-5 -45.. Q0 W L. in .s . aI:..
2Z/D

N icT CFTR LT

......r Iuasl ri ~ 0Tmem )5
Figure 22. redicted vlocity vecor fields IGur 4 ietaeo a rdc ocnrto

is isilii.ssa



36-21

DISCUSSION

J.Fabri, Fr
Vous avez pr~sent6 des r~sultats qui montrent une bonne comparaison entre les mesures effectu&s par DRASC et
par thermocouples pour une vitesse d'ecoulement de l'ordre de 20 m/s. Dans une chambre de combustion r~elle,
les vitesses d'&oulement sont plut6t de l'ordre de 70 A 100 m/s. Avez-vous des r~sultats pour des vitesses de cet
ordre de grandeur?

Author's Reply
A direct answer to your question is no, we have not. We have made comparisons between CARS and a shielded
thermocouple at 46 m/s and the results showed good agreement. I do not see any reason why any problems
would result at twice this velocity.

G.Win terfeld, Ge
You have presented information about the unsteady character of flames which is of great interest for all combustion
modellers. It could be interesting to see whether the same observations can be made for a premixed combustible
flow.

Author's Reply
Ganji and Sawyer (reference 39) and Pitz and Daily (reference 40) have observed shed vortices in a two-dimensional
step combustor. We have not investigated a premixed combustor; however, a combustion tunnel that is much
smaller than the APL combustion tunnel described in the paper is currently being fabricated. One of the first
experiments in the smaller combustion tunnel will involve high speed cin6 pictures of a premixed combusting flow.

J.Tilston, UK
I can confirm on Dr Roquemore's behalf that premixed combustion does give exactly the same effects - at least so
far as high speed cin6 and high speed cin6 schlieren are concerned.
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Introduction.

The process ofApplying 3-D computer codes to isothermal and combusting two-phase
flows is a multi-faceed.,one, which can incorporate developments from many areas of study.
In the combustion case, this can involve the refinement of models for fuel droplet
trajectories, droplet evaporation and radiation heat transfer,4) - each sub-group being
worthy of individual study in depth.

In the area of fluid dynamics, the subject of *urbulence modelling is also of basic
importance.and /the realisation that many combustion flows do not satisfy the conditions
of isotropy demanded by conventional models,- has stimulated more fundamental approaches
to the Reynolds stress descriptionin other areas (2) and can be expected to do so in the
combustion case in the near future.

Since the common objective of such applications is to provide a basis for design,
there is also a need for codes which are versatilean easy to operateand Which are
interactive.

The present study reports some o<f the current progress in the areasqjentioned and
rests on many years of development work in combustion modelling. In pa ticular, a
number of !spects of the present code are presented including the coupling of flow and
droplet mlons and the interactive setting up procedure to define an arbitrary
geometry. Calcula:ed and measured velocity fields are shown for the isothermal flow in
a coaxial dump combistor and in additiot,' results are presented for the combustion case
using a baffle stabiliser.

Governing Equations.

Since the devices of interest display a degree of axial symmetry, it is convenient
to present the conservation equations in cylindrical coordinates. For a 3-d flow these
take the form

Mass conservation

-(pr) + - -(pw) + -(pu) m
r rr b x

x-momentum.

1 rAR(rpU2) + -L(rpvu) + -L(pwu)2
r L ax br6eb

r. - ,[ 2u + +v I 1 1 aU + L 2
r ar - br ax - r L r a0 bx

+ - ' 2_L.- + F

r-momentum.

1 r' a(rpuv) + -L~(rpV2) + -L-(pWV) - pW2 i
Lx ar be ar

+ F2rpY 1 + 1 - EI[r ±(./r) + -{-]]-r L r r ae L ar r e

2?- - 1t- + 1- + -L - , (A + av) ' + Fr Lr ae r-1 a)x L- br ax - r

e-momentum. ar (rpuw) + -(rpvw) + -(p + pvw = -r
r La Tar be -' r ae

.!-I- Fr-rr -(w/r) + L]-1 + Jr- r .(w/r) + 2. A-v
r as L.. ar r be -' rL or r as-J,

rbeL rbe r "J bxL ax rbe 0



It can be seen that the mass conservation equation contains the term fi" due to the
mass addition from the evaporating fuel spray for liquid fuelled combustors. In
addition, the momentum interaction between the two phases is contained in the terms Fx,
F and F8 .

For stab liser devices with some cyclic symmetry, e.g. multi-element baffles, the
solution of these equations is restricted to the symmetry sector, thus improving the grid
resolution. In some cases, for example with swirl stabilisers, full axial symmetry
can be assumed.

Following the presentation of the fluid velocities in terms of a mean and
fluctuating component, the way in which the effects of turbulence are included depends
on the model used to represent the Reynolds stresses. One of the simpler possibilities
involves the definition of an effective viscosity which may be related to the Reynolds
stresses (Boussinesq hypothesis) and also the mean turbulence properties.

Alternatively, transport equations may be solved for the individual Reynolds
stresses themselves, either numerically or algebraically, giving rise to a more fLnda-
mental description.

These two possibilities have been investigated in depth in the past, the latter
giving rise to shear stress modelling, which has been found necessary for swirling flows.

The effective viscosity approach is simpler and has found widespread use and
success by many groups. The distribution of viscosity is provided by the parameters
of the turbulence model used. Those used most commonly are the kinetic energy of the
fluctuating motion k and its dissipation rate E. These are obtained by the wolution
of their respective-transport equations given by -

for k

- (ruk) + a .- (rpvk) + -(p wk)

r L r -6xr b r be

Lk~xr rL ~ rkr- b~e Lr k ei

+ -- 6k + Gk - P
ax L~ak x k

and for c

-L'-(rpuc) + -L(rpvt) + -(pwE) + rrLax 8 r +  r rL-  a r -J
CI

+I F 1)8 E + _LF E -1+ c; 2
r be L-0 rae- ax 8L-0 bx -' k Gk 2 PCk

where Gk is the generation term of k and is given by

Gk = F 2t& u .
)2 , (--v)2 + (r 6w . )2 + (_ + ')2

bX 6 rabe r or bx

+( + L )2 + -+ -- 2
ax ra b& r b& ar r -j

The turbulent viscosity is related to k and c by the expression

- lt C

The coefficients CI , C2 , C, ak and a are constants which have the following values

C1  1.44, C2  - 1.92, C= 0.09, ak * 1.0, o = 1.3

This is the turbulence model which has been used in the present dump combustor study.

For reacting flows additional conservation equations for enthalpy and chemical
species are required, these being



for enthalpy

I (ruh) + -L(rpvh) + . (pwh) !k r 46h
r 6~x ar do -J r 83rL- 0 3c 8r

+ +- - I+3
r 60-r a~88-~ h a 8G bXL C1  h

where S includes radiation sources, shear work and spray gas interaction terms and o h is

the turbulent Prandtl number for enthalpy.

For chemical species

- -(rPun.) + -(r~vn. + -(PWM XJi -r -o L r 7-

+ P m + 6 a + R + S.r-r o. be 6 ax . x J 3
3 3

where m. is the mass fraction of species j, R. is the mass rate of depletion or creation
by reaction and S. is the rate of creation by evaporation from the liquid phase.

The effect of turbulence on the reaction rate is taken into account by employing the
eddy breakup model of Spalding (3). In this case the reaction rate for m is taken to
be the smaller of the two expressions given by the Arrhenius formulation aAH the eddy
breakup model. The latter can be expressed as

Rfu - k~ [ 0 m

where the term in brackets indicates the lesser of mfu and mox

The radiation contribution to the enthalpy equation is evaluated by the solution of
three differential equations for the radiant fluxes Rx , Rr and R and is given by

Sh,rad - 2a Rx + Rr + R6  3E]

where a is a flux absorption coefficient and E = oT4 is the black body emissive power.

The present combustion model employs a random droplet tracking procedure for fuel
droplets, based on the known initial droplet conditions of size and velocity, combined
with the influence of the flow field on the droplets based on a suitable drag law.
The process can also embody the random effect of turbulence by employing a randomised
turbulent velocity fluctuation in each finite difference cell of magnitude proportional
to the local turbulence and duration based on the characteristic lifetime of the eddy.

Knowledge of the trajectories for a large number of droplets combined with the
current temperature profile enables evaporation patterns to be evaluated for the next
computation cycle. The droplet drag force is given by

18P CDRe

p P

where a is the molecular viscosity of the gas, p is the density of the droplet and D
its diaeter. Re is the relative Reynolds numbef.

pgD, -u
Re=

Suitable expressions for the drag coefficient are available (4) and depend upon Re

CD - 27 Re- 0 .8 4  0 < Re < 80
CD - 0.27lRe0 2 1 7 80 < Re < 104
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For evaporating drops the rate of change of diameter is given by

dli C b .5
. I + 0.23 Re0 "5dt 2DI

where the bracketed term represents the forced convective contribution to evaporation and
C is the vaporisation rate constant which depends on the medium and droplet. A widely
uAed expression for Cb due to Wise and Agoston (5) is

C

b in 1 *1 T - T
---- L L - )

where is the thermal conductivity of the gas, L is the latent heat of evaporation and
T' and T1 are the gas and droplet temperatures respectively.

Solution Procedure.

The initial setting up procedure is carried out interactively and involves primarily
the definition of the system geometry. This is achieved by calling up in sequence
successive planes of grid points. These grid points each carry an associated label
which can be defined by the operator. These labels include such specifications as
W(wall), I(inlet), O(outlet) and S(symmetry plane) etc. and their allocation defines
the device geometry. The 3-D grid used depends on the symmetry of the problem but
typically consists of 27 x 18 x 7 for the axial, radial and tangential directions. The
iteration procedure consists of the following steps -

i) The u,v,w momentum equations are each solved in turn using guessed pressures.

ii) Since the velocities do not satisfy the mass continuity equation locally, a
"Poisson type" equation is derived from the continuity equation and the three
linearised momentum equations. This pressure correction equation is then solved
to obtain the necessary corrections to the pressure field and the corresponding
adjustments to the velocity components are made.

iii) The k and c equations are solved using the updated velocity field to obtain the
distribution of effective viscosity.

iv) Any auxiliary equations (e.g. enthalpy, species, conservation, radiation or
turbulence properties) are solved using the previously updated values of the other
variables.

v) Where interphase coupling is to be included, a solution of the equations of motion
of the droplets is obtained at intervals and used to augment the source terms of I
the appropriate gas flow equations.

These steps can be continued until the error mentioned in (ii) has decreased to a
required value.

Calculations and Measurements.

The work to be described concerns measurements and calculations on a single dump
combustor of dimensions shown in Figure 1.

t. SWIRLER dump lane.10 CM

Figure 1. Dump comibustor geometry showing position of swirlstabiliser. Baffle stabiliser is situated at
dump plane.

The inlet conditions involved a) no stabiliser b) a three element baffle at the dump
lplane c) a swirl stabiliser at 8 cm upstream of the dump plane. In all cases k-c

turbulence modelling of the flow field has been applied and for the baffle case
combustion calculations have also been performed. The baffle used consisted of thin
plate with rectangular obstructions of 30% total blockage area. For the swirler, the
design was based on that of Buckley et al. (6) and employed computed blade shapes which
could produce different tangential profiles with a common swirl number. Three of these
designs have been measured at swirl numbers of 0.4, as part of a larger study to
investigage the influence of profile shape, although only results for approximately free
vortex will be reported here.

The LDA system employed consisted of a backscatter arrangement with frequency
shifting, and signal processing was by means of a burst correlator.
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The light from a 488 run argon laser was focused onto a rotating diffraction grating
using a 200 mm focal length lens. This ensures a circular cross section of the
diffracted beams thus maximising subsequent beam crossing and minimising uncorrelated
noise.

Two further lenses collimate the ±torders and also permit the choice of beam
separation and hence fringe spacing in the manner described by Wigley (7). The beams
are focused and crossed by an output lens at 1500 mm focal length thus providing some
considerable distance between the test rig and the instrumentation. For single photon
collection, as with this configuration, data processing is by autocorrelation and
summation resulting in accumulated autocorrelation functions containing all velocity
variations occurring during the sampling interval.

Each sampling operation is controlled by a PET microcomputer and data is analysed
by a curve fitting procedure based on the analysis of Abbiss et al. (8).

The collection system, which was aligned at 150 to the output axis as a means of
obtaining the desired longitudinal resolution, consisted of a 750 mm focal length
collection lens of 112 mm aperture, focusing onto a collection pinhole which controlled
the lateral resolution.

A Malvern Instruments RF313 photomultiplier which was capable of observing single
photons, was focused on the collection pinhole and fed its output to the 50 nsec
correlator.

In a typical experimental run the test rig, which is on a motor driven traverse, is
scanned across the region of interest, with the fringe velocity being measured at each
sample point simultaneously by feeding the counting pulses from a grating monitor to
one of the correlator storage channels.

For the present work the fringe velocity employed was up to 130 M/s depending on
turbulence level, and the fringe spacing was 88g. The spatial resolution, which is
determined largely by the angle of collection and waist diameter at the probe volume was
around 1 mm both longitudinally and laterally, based on a 100 times drop in collected
signal strength at these limits.

The accuracy with which the program calculated peak velocities was assessed using
analytically generated correlation functions with different degrees of random noise
superimposed. The error on peak velocities was thus estimated to be ± 0.25 M/s.

The air velocities used at the 80 mm diameter inlet were between 65 and 75 M/s
being limited by the supply and seeding was by means of 0.5v titanium dioxide particles
generated by a fluidised bed. Background noise limited the closest approach to the
inner walls to 9,24 mm.

Results.

Isothermal flows

The first results are shown in Figures 2, 3 and show a comparison of measured and
calculated velocities at three axial stations. Each figure shows a radial profile in
two cases - with the three element baffle and with no baffle. F8r the baffle case,
the plane of measurement was on a reflection symmetry plane at 90 from the mid-line of
one of the baffles. Figure 3 also has an example of the turbulence comparison at one
of the stations.

120 IZ0

rn/s m r/s

-0.00 -0.04 0.04 0.06 --O.0 O --0.O4 0.04 0.011
radius Wm radius Wm

Figure 2. Radial variation of axial velocity with and without
baffle stabili-er at A) 50 mm from dump and B) 150 mm
from dump a and A are experimental points,

are calculated with coarse grid withu are
calculated with fine grid.

bafe-tblie t )5 -fomdm ad5 10m
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130 ),: ZO~

rn/s r/si

80 sO

0.090.0 0.04 .04 0.08
radius (i) radius ()

Figure 3. A) radial variation of axial velocity profile at 330 mm
from dump plane. 0 are experimental points, are
calculated with coarse grid, -------- are calculated with
fine grid.
B) radial variation of rms turbulence at 150 mm from
dump plane, with and without baffle, o and & are
experimental points, are calculated functions.

In all cases, the 'no baffle' condition shows good agreement between measured and
calculated velocity and turbulence, showing that in this case, the k-C model is
satisfactory.

For the case with baffles, the agreement is moderately good at 50 mm from the dump
plane but deteriorates as one goes down stream, with the measured values flattening out
much more quickly. Examination of the turbulence values indicates that the model has
greatly underestimated these, and most likely accounts for the much slower levelling out
of the velocity.

Measurements have also been made with a swirl stabiliser situated at 8 cm upstream
of the dump plane which produced approximately free vortex type swirl and an overall
swirl number of 0.4. The comparison between calculated and measured fields is shown in
Figure 4 at a number of axial stations. The measured values show a characteristic axial
recirculation zone and a short reattachment distance to the dump wall. The k-E model
here however, is unable to reproduce even the main features of the flow, showing a strong
axial forward flow. This confirms results obtained in other areas on swirling flows
using this model and indicates, as with these, that a more fundamental turbulence algorithm
is needed. This however, is a more complicated case than a 'tangentially driven' cyclone
flow where the axial derivatives are much smaller, and most probably requires a more time
consuming algebraic modelling approach than that case.

I Figure 4. 1
Comparison of axial velocity vs radius at a number of 50 M/saxial stations from the dump combustor with swirl

stabiliser.
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Combustion case.

Figures 5, 6 and 7 show some typical results which can be obtained for fuel spray
combustion. The three element baffle has been used here and a single spray is
injected from upstream at right angles to the wall. A distribution of drop sizes is
employed ranging from 54 to 100 4 with a Rosin Rammler distribution of mean 50 A and
width parameter of 2.2.

Figure 5. Trajectory patterns for a range of drop sizes from 5
to 100 microns. Crosses show points of evaporation.

_ I

Figure 6. Three dimensional plot of constant mass fraction
of evaporated fuel at mass fraction of 0.01.

Preheated air at 5500K is used as input and a fuel/air ratio of 0.02 is used.

Figure 5 shows the trajectory and evapo-ation history of ten drops of different sizes.
The smallest penetrate least into the flow and are convected inside the dump. The
crosses show the points at which they evaporate. It can also be seen that some of the
larger droplets do not evaporate within the range considered, and it is clear that this
kind of study is of some value in matching a particular atomiser to the flow field.

Figure 6 is derived from information of the kihd seen in Figure 5 for each I
computational cell and shows a contour of constant evaporated fuel mass fraction. This
is invaluable information in indicating where unburnt evaporated fuel originates and is
convected. It can be seen from the figure that the pattern is following the general
pattern and then becoming entrained in the strong recirculation zone behind the baffles.

Figure 7. Three dimensional plot of constant temperature of

2000 I.

Figure 7 is a similar contour plot for temperature at 2000 K and again shows thecurvature associated with one of the recirculation bubbles. Such information is useful
in association with evaporation patterns in correcting for hot wall regions.

Conclusions.
Some of the main features of the flow/combustion model have been described, and the

ease of setting up a device geometry has been emphasised.

I'
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The dump combustor study has underlined some of the limits of applicability of the
k-E model and, in addition to the axially symmetric swirling flow these appear also to
include flows with strong recirculation zones.

From previous work (2), it appears that a more fundamental approach to the shear
stress modelling will correct most of the difficulty and the incorporation of these new
developments for the strongly 3-D case is currently underway.

References.

1. F. Boysan, W.H. Ayers, J. Swithenbank, Z. Pan 'Three Dimensional Model of Spray
Combustion in Gas Turbine Combustors', J.Energy 6(6), 368 (1982).

2. F. Boysan, B.C.R. Ewan, J. Swithenbank, W.H. Ayers 'Experimental and Theoretical
Studies of Cyclone Separator Aerodynamics' I.Chem.E., POWTECH Conference,
Birmingham, March 1983.

3. D.B. Spalding 'Mathematical Models of Turbulent Flames', Comb.Sci. and Tech.,
13, 3 (1976).

4. S. Lambiris, L.P. Combs 'Steady State Combustion Measurements in LOX-RP-l Rocket
Chamber and Related Spray Burning Analysis' Detonation and Two Phase Flow,
Academic Press, New York, Vol.6, 1962.

5. H. Wise, G.A. Agoston 'Literature on the Combustion of Petroleum', American Chem.
Soc., Washington DC, 1958.

6. P.L. Buckley, R.R. Craig, D.L. Davis, K.G. Schwartzkopf 'The Design and Combustion
Performance of Practical Swirlers for Integral Rocket Ramjets', AIAA/SAE/ASME
16th Joint Propulsion Conference Hartford, June 1980.

7. G. Wigley UKAEA Harwell Int.Rep.No. AERE R7886, 1974.

8. J.B. Abbiss, T.W. Chubb, E.R. Pike 'Laser Doppler Anemomekry', Optics and Laser
Technology 249 (1974).

Acknowledgements.

The authors would like to acknowledge support for this work by the USAF, Air Force
Office if Scientific Research, under grant number AFOSR-82-0272.

I

[ **4



37.9

DISCUSSION

C. Hirsch
Could you give some more details on the numerical techniques used and the type of scheme? In addition your
results seem to draw a large grid dependence which is to be expected with the rather coarse grids you are using.
How do you ensure therefore that the discrepancies between computation and date are solely due to the
deficiencies of the k-e models?

Author's Reply
We have carried out extensive tests on different finite difference schemes including, for example: central difference,
skew upwind difference, and the quadratic ("QUICK") scheme. In the study presented here the power law scheme
was used which we have found to be the most suitable for general use, although others are more accurate. We
have also studied the efficacy of different band matrix solution procedures. Whilst Stone's method yields more
rapid solutions in many cases, the TDMA procedure used here has proved to be more robust in a wide variety of
problems. Nevertheless, we expect further developments in the solution method in the future.
Grid independence of the solution has been verified provided the grid is fine enough to define the details of the
flow field. Quantitative criteria can also be used to ensure that the grid is sufficiently fine and grid independence
of the two-dimensional results presented here has been checked. Our lack of faith in the k-e model is largely based
on earlier studies which we presented in References A and B. In that study we report our detailed L.D.A. experi-
mental results for strongly sheared (swirling) flow and numerical results using both the k-e model and an algebraic
stress turbulence model which we have developed. The inability of the k-e model to correctly predict such flows
was demonstrated conclusively.

Reference A; Boysan, F. and Swithenbank, J., Numerical Prediction of Confined Vortex Flows, Second International
Conference on Numerical Methods in Laminar and Turbulent Flow, Venice, 1981.
Reference B; Boysan, F., Ayers, W.H. and Swithenbank, J., Transactions of I. Chem. E., 601, 1982.
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